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Abstract. The article proposes a method for evaluating the frost resistance of concrete at actual 

operating temperatures, using measurement results at temperatures that are regulated by current 

standards. Frost resistance was evaluated by determining the amount of water freezing at 

different temperatures, based on the measured adsorption isobars and the obtained relationship 

between the freezing temperature of water in concrete pores and relative humidity. A comparison 

of the calculated values of the frost resistance of concrete with those got based on direct 

measurements showed the adequacy of the calculation model. To get information about the frost 

resistance of concrete during unilateral freezing, a conductometric method was used to determine 

the kinetics of moisture diffusion and ice formation. It is shown that the use of this method allows 

one to establish the propagation speed of the ice formation and water diffusion front and the 

corresponding freezing depth of concrete samples depending on their capillary-porous structure 

and initial storage conditions. In general, the studies conducted allowed us to get a more reliable 

picture of the behaviour of concrete under alternating temperature load than is provided for by 

current regulatory documents. 

1. Introduction 

The frost resistance of building materials is determined by the current regulatory documents, which are 

based on the standard method of fixing the number of comprehensive freezing and thawing cycles for 

specially manufactured specimens that have not lost operational properties during testing. However, this 

approach does not always meet the requirements for the production of building materials and has a 

number of significant limitations.  

The main problem is the mismatch of laboratory research conditions with the conditions in which 

this material is located in real structures. First, the maximum negative temperatures at which the 

structures are operated usually differ from the temperature of -18 ºC at which tests are carried out under 

the current standard. In addition, in most cases, concrete structures undergo unilateral freezing, and a 

correlation relationship between this process and the comprehensive freezing process has not yet been 

found. 

Modern ideas about the mechanisms of concrete destruction under the influence of frost (e.g., [1, 2]) 

are based on Powers' work. Obviously, one of the main causes of concrete damage during freezing is 
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the expansion of the water in the pores during its transition to ice. Powers suggested [3] that stresses 

leading to destruction can also cause hydraulic pressure when water moves from frozen areas. At the 

same time, there are other reasons that are not associated with an increase in the volume of water during 

crystallization, causing destructive deformation of concrete [4].  

The super-cooled liquid in the gel pores has greater free energy than the ice in the capillaries. As a 

result, it is transferred to the capillaries with an increase in the volume of ice in them, which leads to 

additional internal stresses in the concrete. Moreover, due to the difference in salt concentration caused 

by freezing water in large pores, osmotic pressure arises, which also leads to concrete damage. 

Since the root cause of the mechanisms of frost destruction of concrete is still the expansion of water 

during its transition to ice, it can be expected that the frost resistance of the material, expressed by the 

number of cycles, with a change in the maximum freezing temperature, should be inversely proportional 

to the volume of frozen water in the material at this maximum temperature. This is also consistent with 

the known semi-empirical correlations between frost resistance and ice content in concrete [5]. 

It is known that in concrete, which is subjected to unilateral freezing in real conditions of operation, 

because of the heterogeneity of moisture distribution, intensive mass transfer processes are taking place. 

These processes significantly affect the resistance of concrete to alternating temperature loads. At the 

same time, conductometric methods are highly sensitive to physicochemical processes occurring in 

concrete, in particular, such as changing the phase state of pore moisture, its chemical composition, 

concentration, and temperature [6].  

Because of this, conductivity measurements can be used to obtain additional information on the frost 

resistance of concrete during unilateral freezing. The observed features of the conductivity behavior can 

be interpreted based on existing ideas about the kinetics of ice formation and moisture diffusion in 

capillary-porous materials [7, 8]. 

2. Experimental 

Experimental verification of the proposed method for evaluating the frost resistance of concrete at 

different freezing temperatures was carried out on expanded clay concrete specimens. To prepare the 

concrete specimens, CEM I 42,5 N cement according to the Ukrainian standard DSTU B EN 197-

1:2015, expanded clay according to DSTU B V. 2.7-17, quartz sand according to DSTU B V.2.7-32-95 

were used. To determine frost resistance, concrete specimens were made according to DSTU B V. 2.7-

214:2009 and DSTU B V. 2.7-18-95.  

The dimensions of the specimens were 100×100×100 mm. Three sets of specimens of different 

density of six pieces each were made. In the set 1 – ρ1 = 1450 kg·m-3, in the set 2 – ρ2 = 1650 kg·m-3, in 

the set 3 – ρ3 = 1960 kg·m-3. 

Examinations of frost resistance were conducted according to DSTU B V. 2.7-47-96. The frost 

resistance of concrete is equal to a certain number of freezing-thawing cycles of water-saturated 

specimens, at which concrete compressive strength is reduced by no more than 15 %, and specimen 

mass loss does not exceed 5 %.  

Frost resistance determination method involves cyclic freezing of the specimens in the air with a 

temperature of -18 ± 2 °C for at least 4 hours and then defrosting under the water at room temperature 

for at least 4 hours. For research, frost resistance was also measured at temperatures from -5 to -40 °C, 

which differ from the standard. 

The measurements of the equilibrium water-holding characteristics of the experimental expanded 

clay concrete specimens were carried out by the known method for the determination of adsorption 

isobars [9]. For this purpose, ground concrete specimens at a temperature t1 were blown with air 

saturated with water vapour at a lower temperature t2. The relative humidity φ at which the specimens 

were located was calculated by the formula: 

( )s 2
,

( )s 1

=
p t

p t
     (1) 
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where ps(t1), ps(t2) – saturated water vapor pressure at temperatures t1 and t2, respectively.  

The equilibrium moisture contents of the specimens Uφ were calculated by their masses measured 

by the weight method: 

0

0

m

mm
U

−
=


 , (2) 

where mφ – the mass of specimen in equilibrium with air having relative humidity φ, m0 – dry mass. 

The maximum moisture content Um of the specimens were calculated as the relative amount of 

moisture absorbed by the porous material upon its contact with water in relation to the dry mass m0 of 

the material: 

0
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m

m
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where ms – mass of water-saturated specimen. 

The kinetics of ice formation and moisture migration during unilateral freezing were investigated on 

hardened cement mortar specimens after 28 days of maturation. The dimensions of the specimens were 

40×40×80 mm. Stainless steel electrodes with a diameter of 2.5 mm were placed into the upper and 

lower faces of the samples during formation at a distance of 1 cm from each other.  

Electrical conductivity measurements were performed at an alternating current frequency of 10 kHz 

according to the method described in [6]. Specimens subjected to unilateral freezing were placed in a 

heat-insulating cassette. Before measuring, some samples were saturated with water at room temperature 

for 48 hours, and some were kept in the air. The passage of moisture was fixed by the salt mark method, 

for which a warm end of the sample was moistened with a 4 % solution of sodium chloride in water. 

3. Results and discussion 

In the paper, frost resistance of concrete at various freezing temperatures was evaluated by the 

experimental-analytical method, which is based on the assumption that frost resistance, expressed in the 

number of cycles (F), should be inversely proportional to the volume of frozen water at this temperature: 

1
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(

( (
(

=
)

) ) 
)

V

V

t
F t F t

t
    (4) 

where V(t1) and V(t2) – volumes of frozen water at maximum freezing temperatures t1 and t2. 

The amount of water frozen at different temperatures is uniquely determined by the thermodynamic 

characteristics of its bond in the material. The data needed to calculate V (t) are most easily calculated 

from the water vapour adsorption isobar. Isobar takes into account the decrease in the freezing 

temperature of water both because of the curvature of the meniscus of water in the pores, and because 

of dissolved electrolytes. Therefore, there is no need to introduce any corrections to the change in the 

freezing temperature of the pore solution (at its low concentration). In addition, the adsorption isobar 

can be measured at any temperature, for example, at room temperature, since the chemical bond potential 

of water, which determines the decrease in the freezing temperature, is practically independent of 

temperature. The measured water vapour adsorption isobars are shown in figure 1. 

The volume of frozen water increases with increasing negative temperature, although monotonously, 

but sharply nonlinear, since the adsorption isobar itself is usually nonlinear. Therefore, the change in 

frost resistance at different temperature ranges can be significantly different. 

Since the isobar, as a rule, is set graphically (measured in the experiment), it is not possible to write 

the formula for calculating frost resistance at different temperatures in a general form. The calculation 

has to be carried out sequentially by determining the amount of frozen water and the corresponding frost 

resistance. 
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Evaluation of frost resistance was carried out according to the following scheme. Initially, the ratio 

of the volumes of water freezing in the specimen at given temperatures t was determined: 

11
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     (5) 

The expression for the relative humidity φ corresponding to a given freezing temperature of water in 

the pores of the material can be derived from the Gibbs – Thomson equation. With a hemispherical 

interface between ice and a non-wetting liquid in a pore of radius r, the Gibbs – Thomson equation for 

the freezing temperature reduction can be written in the form [10,11]: 

,
2 cos

 =
  

 − = − 
  

il

m i
T T T T

H r
    (6) 

where Т is the absolute melting temperature of the ice in a pore of radius r; T∞ is the bulk melting 

temperature of ice; σil is the specific surface energy at the ice-liquid interface; ΔHm is the specific melting 

enthalpy; ρi is the density of the ice; θ is the contact angle (usually considered θ = 180º). 

Then, using the Ostwald – Freundlich equation: 

ln ,
V

=







RT r
     (7) 

where σ is the liquid surface tension, Vμ is the molar volume, R is the gas constant, for the value of 

relative humidity φ at which the absolute freezing temperature is T, we get: 
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Figure 1. Adsorption isobars of expanded clay concrete specimens 

(the numbering of the curves corresponds to the table 1). 
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where μ is the molar mass of water. 

Dependence (8) was obtained under the assumption that σ = σil and when ΔHm = L is taken into 

account, where L is the specific melting heat of ice. A similar expression for the dependence of the phase 

transition temperature in the capillary on the relative vapour pressure was obtained in [12] from the 

Clausius – Clapeyron relation. 

It is necessary to keep in mind that in the derivation of (8) it was assumed that the freezing 

temperature of the liquid is calculated in a water-saturated capillary-porous material with a rigid 

skeleton. We also note that in calculating the values of relative humidity corresponding to certain 

freezing temperatures and volumes of frozen water, the dependence of melting heat of ice L on 

temperature was neglected. And although in the temperature range studied, L can vary up to 20 % [13], 

this, as estimates show, does not introduce a significant error in the calculations. 

After calculating the volumes of water freezing in the specimens at given temperatures, the values 

of frost resistance at different freezing temperatures were calculated using formula (4), choosing the 

value of F at -18 °C as the base point. The calculation was performed for each of the six specimens of 

each set. The experimental and calculated values of frost resistance of expanded clay concrete specimens 

at different temperatures are shown in the table and in figure 2. 

Table 1. The experimental and calculated values of frost resistance of expanded clay concrete 

specimens at different freezing temperatures 

                      

t  (°С) 

F, cycles - average values 

set 1 (Um=3,02%) set 2 (Um=4,12%) set 3 (Um=6,55%) 

exp. calc. exp. calc. exp. calc. 

̶ 5  49 78 77  123 

̶ 10 36 32 59 55 98 90 

̶ 18 23 - 41 - 75 - 

̶ 35  17 34 32  60 

̶ 40  16 25 30  57 

The frost resistance values found by direct measurements and calculation differ for each set no more 

than the experimental frost resistance values for specimens of one set. These data confirm the possibility 

of using the proposed method of evaluation of the frost resistance of concrete at different freezing 

temperatures and, accordingly, the fairness of the model calculation. Moreover, they show that, apparently, 

the same mechanism of frost destruction prevails in the studied temperature range from 0 to -40 °С. 

Based on the research data, it is possible to evaluate the frost resistance of concrete and other building 

materials at any temperature using the measurement results at a temperature of -18 °C, which is regulated 

by current standards. Such a calculation can significantly save time and costs compared with those in a 

direct experiment. 

For a more detailed study of the mechanisms of frost destruction of building materials, it is necessary 

to have at the same time information on the kinetics of ice formation and moisture migration in the process 

of their unilateral freezing. The following shows the possibility of determining the propagation velocity of 

the ice formation front and moisture diffusion in building materials using the conductometric method. The 

arrangement of electrode pairs in the tested specimens is shown in figure 3, and the results of 

measurements of the electrical conductivity σ are shown in figure 4 and figure 5. 

As seen from figure 4, the electrical conductivity of the specimen, which was before the experiment 

under conditions of air storage, varies in different sections of the specimen according to different laws. 

The same dependences σ (τ) are observed for a water-saturated specimen with the only difference being 

that the changes in conductivity that occur in the corresponding time intervals are much less pronounced. 
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At the initial time, the temperature is the same along the entire length of the specimen, and the 

moisture in its pores is in equilibrium. This corresponds to almost coinciding values of σ for all sections 

of the specimen. Then, the process of ice formation, starting from the frosty face of the specimen, is 

accompanied by the establishment of a temperature gradient and the appearance of thermal and 

concentration diffusion of moisture. In this case, the corresponding diffusion flows are directed to the 

side opposite to the direction of ice formation front propagation. 
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Figure 2. Dependence of frost resistance of expanded clay concrete 

specimens on freezing temperature (the numbering of the curves 

corresponds to the table). 

Figure 3. Experimental hardened cement mortar specimen (1...7 – electrode 

pair number). 
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It is known [14] that when the temperature changes the electric conductivity of cement mortar and 

concrete changes according to the exponential law. Thus, the reduction of temperature in some section 

of the specimen over time should lead to the fall of the σ. The conductivity should also be reduced 

because of a decrease in moisture content in the corresponding zone caused by thermal moisture transfer. 

A lower temperature and a larger temperature gradient near the cold face of the specimen cause 

redistribution of moisture over the volume of the specimen so that a concentration gradient is created 

that coincides in direction with the temperature gradient. At the same time, the indicated decrease in 

moisture content can be compensated by the displacement of unfrozen water to the considered region 

during ice formation. The observed slight decrease in conductivity at the initial stage of cooling shows 

the predominant contribution of the first two of the described mechanisms. 

A sharp decrease in the conductivity at the locations of the electrode pairs 1 and 2 shows the 

achievement of these sections of the specimen by the ice formation front since the specific electrical 

conductivity of ice is much lower than the specific electrical conductivity of pore moisture. A smaller 

change in conductivity in the indicated time interval for a water-saturated specimen can be explained 

based on the following considerations.  

When water-saturated concrete is frozen, ice formed in the surface zone creates increased pressure 

in the displaced liquid phase, because of which the ice formation temperature decreases. Thereby, at the 

same temperature, the ice content of the water-saturated specimen should be lower and its contribution 

to the change in conductivity, decreases. 

Figure 4. Dependence of electrical conductivity of mortar 

specimen on freezing time: a – water-saturated specimen; b – air-

stored specimen (the numbering of the curves corresponds to 

electrode pair numbers). 
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An analysis of experimental data shows that during the measurements, the ice front does not reach 

the zone of the third electrode pair, although, based on the kinetics of ice formation, the duration of the 

experiment for this may be sufficient. This circumstance, apparently, is explained by the following. By 

the time the measurements are completed, the concentration of salt coming from the wetted face of the 

specimen increases in the indicated zone, which leads to a slowdown in the freezing process. This also 

allows us to conclude that the nature of changes in conductivity in the zones of the 5th, 6th, and 7th 

electrode pairs (figure 5) should reflect the kinetics of moisture transfer in the specimens during 

unilateral freezing. 

Indeed, a sharp increase in electrical conductivity in sections 6 and 7 is apparently associated with a 

growth in moisture content and an increase in the concentration of the salt solution. By the time the salt 

mark arrives in section 6, the temperature in it has time to become lower than in section 7, which leads 

to lower values of conductivity hereafter. In this time interval, the influence of salt flow in section 5 has 

not yet been observed. And since the temperature here decreases, a slight decrease in the conductivity 

occurs (curve 5-a). 

It follows from figure 5 that changes in the conductivity in the corresponding sections of a water-

saturated sample occur much more slowly and their value is much smaller. To explain these features, it 

is necessary to take into account that the change in moisture content here can only be caused by thermal 

and moisture conductivity, whose role at high temperatures and low-temperature gradients in the 

considered region of the specimen should be small. In this case, the movement of the salt mark occurs 

because of the diffusion of salt from the wetted face of the specimen. Thus, an increase in the electrical 

conductivity in section 7 is apparently associated mainly with a growth in the salt concentration, and a 

decrease in the electrical conductivity in sections 5 and 6 should occur because of a decrease in 

temperature. 
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Figure 5. Dependence of electrical conductivity of mortar specimen on 

freezing time: a – water-saturated specimen; b – air-stored specimen 

(the numbering of the curves corresponds to electrode pair numbers). 
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Comparing the measurement results, we can conclude that the average speed of the ice formation 

front during unilateral freezing of a mortar specimen of the investigated composition does not depend 

on the initial moisture content and 6 hours after the start of freezing is 0.4 cm/h. At the same time, the 

average speed of the salt mark in such a specimen for the same time decreases when the specimen is 

saturated with water, changing from 0.5 cm/h for an air storage specimen to 0.2 cm/h for a specimen 

subjected to water saturation in within 48 hours. 

4. Conclusions 

The proposed experimental-analytical method for evaluating the frost resistance of concrete at different 

freezing temperatures allows in a small amount of time to get more complete information about the 

behavior of the material in frosty weather under real operating conditions than is provided for by existing 

methods. An analysis of the dependence of frost resistance on temperature also makes it possible to 

identify the temperature regions where it changes most strongly, and to shift, if necessary, these regions 

to lower or higher temperatures due to the change of the composition and technology of concrete 

production. 

Moreover, the developed combined method for the independent measurement of the kinetics of 

moisture diffusion and the ice formation allows one to determine the rates of these processes depending 

on the composition (capillary-porous structure) of the specimens and the initial storage conditions. Such 

information can give a more reliable picture of the behavior of concrete under alternating temperature 

load in conditions of different initial moisture content (including in hydraulic structures) than current 

regulatory documents allow. 
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