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Abstract. The work physical and structural parameters of concrete are determined: density (ρ), reserve of porous 
volume (R), effective porosity (We),  relative wall thickness of the pores and capiliaries  (D), degree of structural in-
homogeneity (N) and exploitation frost resistance (FE). Possibilities to predict the exploitation frost resistance of con-
crete according to the indicated parameters are analysed. The various parameters of structure of concrete bodies (wa-
ter absorption, effective porosity, reserve of pore volume, relative wall thickness of the pores and capillaries, degree 
of structural inhomogeneity) exert influence on frost resistance determined. It was found out that along with increase 
in effective porosity, the water absorption increases, the relative wall thickness of the pores and capillaries increase, 
with decrease in water absorption, the degree of structural inhomogeneity grows. The possibility to predict the service 
frost resistance of structural concretes according to structural parameters is proved by the reliable empirical equation.  
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Introduction 

Structural concrete is a specific material and it takes 
an important place among all concretes. Normative char-
acteristic for the concrete of constructions purpose is the 
frost resistance (Deltuva 1982). 

Almost in the whole world the standard methods for 
determination of frost resistance of structural concrete 
were based on application of classical principle of volu-
metric freezing. 

Quite a long time an application of volumetric freez-
ing principle to the determination of frost resistance of 
wall and partition materials as well as structural concrete 
has been criticized (Barkauskas 1962; Mačiulaitis 1996; 
Podvalnij 1987; Mačiulaitis, Nagrockienė 2001). In this 
sense the certainty is that exploitation conditions of ce-
ramic, silicate bricks and normal concrete in walls and 
partitions in regard to frost resistance do not differ. In 
these constructions all products and materials suffer the 
unilateral freezing, stronger or weaker atmospheric mois-
ture and the alternating cyclic temperature effect. Al-
though the new direct method for determination of con-
crete frost resistance is standardised (LST 1428.19:1998)  
with reference to the investigations performed in Lithua-
nia on ceramic products and various concretes including 
finishing (Mačiulaitis, Žemaitytė 1998), the uncertainties 
on practical application of this method still remain.  

Never the less, the problem of rapid prediction of 
frost resistance of concretes especially the constructional 
ones is important. However, in the scientific literature it 
was not possible to find the methods enabling to predict 
the service frost resistance of structural concretes (based 
on results of unilateral freezing) according to their struc-
tural, mechanical or deformation parameters.  

Forecasting the exploitation frost resistance of ce-
ramics the division of samples according to the limit pa-
rameter of effective porosity 26 % is widely applied. It is 
determined (Mačiulaitis 1997) that with the increasing or 
decreasing parameter (from the limit value) the parame-
ters of exploitation frost resistance of ceramics usually 
further increase. Therefore it may be assumed that this 
law is valid and for the concretes. It should be noted that 
due to the structure complexity of materials with smaller 
effective porosity (≤ 26%) the development of rapid pre-
diction methods of exploitation frost resistance is compli-
cated.  

It was not possible to find the results of comparative 
investigations in the scientific literature that would prove 
the possibility to predict the exploitation frost resistance 
of concrete according to the same structural, mechanical 
and deformational parameters.  

The aim of this work was to clear up and to analyses 
in more details the possibilities to predict the exploitation 
frost resistance of concrete according to the parameters of 
density, reserve of porous volume, water absorption, 
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relative wall thickness of the pores and capiliaries, degree 
of structural inhomogeneity and effective porosity, We  
effective porosity of materials is less than 26%. 

Raw materials, methods and equipment for research 

Raw materials for concrete samples: binding mate-
rial – cement CEM II/ A-L 42,5 N, aggregates – sand, 
gravel, breakstone. Aggregates were prepared in the same 
way as for ceramics, after that dry mixed with cement. 
The samples were formed in pressing forms, applying 
vibration and further on keeping them in the moist me-
dium for the normative time. The samples differed by the 
quantity and proportion of components, water cement 
ratio and other conditions. 

Laboratory investigations of frost resistance of struc-
tural concretes by unilateral freezing were performed 
(LST 1428.19:1998) in the freezing and watering device 
installing the experimental fragment. The fragment was 
frozen and thawed according to the experiment regime 
indicated in the standard (Fig.1). 

The criteria for structural concrete destruction in 
both cases were the visible material disintegrations of any 
character: cracks, splits, surface destruction by flaking or 
spalling.  

Density and structural parameters (Table 1) of con-
crete samples were determined by the well-known meth-
ods applied for determining the structure of ceramic 
products (Mačiulaitis  1996).  
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Fig 1. Principal freezing watering scheme of device: 
1 – controlling commutation equipment with recorder 
potentiometer; 2 – freezing aggregate; 3 – evaporator 
with ventilator; 4 – thermometer of resistance 5 – slid-
ing framework; 6- freezing chamber; 7 – turning sec-
tions of samples isolated with metal partition; 8 – 
thawing-wetting section with a see-through hood; 9 – 
water sprinkler; 10 – hole to run off water with bolt; 
11 – water aggregate – deflection; 12 – samples in the 
experimental fragment  

 
The investigation results were processed applying 

the methods of mathematical statistics (Čekanavičius, 
Murauskas 2001; Sakalauskas 1998). 

 

 

Table 1. The characteristics of structural, mechanical and physical parameters 

 

 

Name of parameter and  
dimension 

Calculation formulas 
Description of components of the main parameter and 

dimensions 

Density, kg/m3 
V
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=ρ  

m0 – mass of sample dried to the constant mass, kg 
V – volume of water saturated sample, m3 

Reserve of pore volume, % 
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We- effective porosity according to water absorption after 
72 h, % 
Wp  – total open porosity according to water absorption 
by vacuuming (special regime), % 

Effective porosity, % 
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Ρ – sample density, g/cm3, 
m1 – mass of sample saturated in normal conditions, g 
m0 – mass of sample dried to the constant mass, g 

Relative wall thickness of the 
pores and capiliaries, % P

P

W

W
D

−

=

100
 

Wp  – total open porosity according to water absorption 
by vacuuming (special regime), % 

Degree of structural inhomogene-
ity min

minmax

h

hh
N

−

=  
hmax – maximum capillary rise value by moisten front, 
mm 
hmmin – minimal capillary rise value by moisten front, 
mm 

Compressive strength, MPa  gn
P

R
S

=  
P – fragmenting load , N; 
S – compressive area,  mm2 
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Research results and discussion 

Before determining the frost resistance by direct uni-
lateral freezing the structural parameters of all structural 
concrete batches were examined. Such parameters were 
determined and calculated: reserve of porous volume R, 
density of concrete, water  absorption, effective porosity, 
relative wall thickness of the pores and capiliaries from, 
degree of structural inhomogeneity,  compressive 
strength. 

It is seen from the Table 2 that the density of con-
crete samples varied from 2433 kg/m3 to 2748 kg/m3, the 
reserve of  pore volume 38,61 % to 54 %, the water ab-
sorption  from 2,85 to 3,65 %, the effective porosity 
7,24 % to 9,1 %, the relative wall thickness of the pores 
and capiliaries from 4,78 % to 6,12 %, the degree of 
structural inhomogeneity from 1,02 to 1,52, the compres-
sive strength from 24,56 MPa to 29,91 MPa. 

Parameter of effective porosity characterizes the 
open porosity space of concrete sample in the aspect of 
macrostructure and microstructure. 

The greater the effective porosity, the more consid-
erable is the water absorption. 

The water absorption – effective porosity reladon-
ship in all concrete bodies under investigation is illust-
ested in Fig 2. 

The dependence may be decribed by the empirical 
equation of regression: 

 0,61151 0,32403 eW= + ⋅W , %  (1)  

The correlation coefficient is R = 0,9267, the deter-
mination coefficient is R2=0,8587, where W is the water 
absorption, %, eW  is effective porosity,  %.  

According to the statistical analysis of the schedule 
of determination and correlation coefficients can be as-
sumed that the water absorption of concrete is directly 
dependent on the effective porosity. The relationship be-

tween relative wall thickness of the pores and capilaries 
and total porosity in all concrete bodies under investiga-
tion is illustrated in Fig 3.  

The dependence may be decribed by the empirical 
equation of regression: 

 W⋅−= 610,1815,10D , % (2)  

The correlation coefficient is R=0,9732, the deter-
mination coefficient is R2 = 0,94813679, where D is the 
relative wall thickness of the pores and capillaries, W is 
the water absorption, %.   

According to the statistical analysis of the schedule 
of determination and correlation coefficients can be as-
sumed that water absorption is directly dependent on the 
conditional concrete pore and capillary wall thickness.  
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Fig 2. Concrete bodies dependence of water absorp-
tions on the effective porosity  

 

 
Table 2 The characteristics of structural, mechanical and physical parameters 

No. of 
batch 

Density, 
kg/m3 

Compressive 
strength, MPa 

Reserve of 
pore  

volume, 
% 

Water  
absorption, % 

Effective  
porosity, % 

Relative wall 
thickness of 

the pores and 
capiliaries, % 

Degree of struc-
tural inhomo 

geneity 

1 2464 24,74 46,96 3,51 8,66 5,34 1,13 

1’ 2466 24,76 46,95 3,50 8,64 5,35 1,15 

2 2552 27,01 47,60 3,05 7,49 5,95 1,21 

2’ 2554 27,02 47,61 3,04 7,48 5,69 1,22 

3 2433 24,56 38,61 3,65 9,0 4,79 1,03 

3’ 2434 24,58 38,62 3,64 9,1 4,78 1,02 

4 2603 28,19 48,89 2,98 7,29 6,07 1,30 

4’ 2605 28,15 48,90 2,97 7,30 6,08 1,31 

5 2748 29,90 53,97 2,86 7,24 6,10 1,50 

5’ 2746 29,91 54,0 2,85 7,26 6,12 1,52 
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Fig 3. Concrete bodies dependence of relative wall 
thickness of the pores and capillaries on the total open 
porosity 

 
Degree of structural inhomogeneity, allows evaluat-

ing the unevenness of effective capillary structure accord-
ing to their reciprocal length. The relationship between 
water absorption and degree of stuctural inhomogeneity 
of concrete bodies under investigation is illustrated in 
Fig 4.  

The dependence may be decribed by the empirical 
equation of regression: 

 W⋅−= 4060,05866,2N , %  (3)  
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Fig 4. Concrete bodies dependence of water absorp-
tion on the degree of structural inhomogeneity 

 
 
 
 
 

The correlation coefficient is R = 0,8502, the deter-
mination coefficient is R2 = 0,7229, where W is the water 
absorption, %, N is the degree of structural inhomogene-
ity. 

According to the statistical analysis of the schedule 
of determination and correlation coefficients can be as-
sumed that the conditional concrete pore and capillary 
wall thickness is directly dependent on water absorption. 

The data presented (1, 2, 3) equations show that the 
water absorption depends on the effective porosity, and 
capillary pore relative wall thickness, the structure of bias 
distortion metric. It follows that these variables influence 
the frost resistance and in-service. 

Exploatation frost resistance by Fig 5. The  above 
sequence of results that the maximum exploatation frost 
resistance is the fifth installment, because they are den-
sity, compressive strength, reserve of pore volume. 
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Fig 5. Concrete bodies exploitation frost resistance, 
cycles 

 
Statistical analysis of results obtained in the optimal 

empirical indicator FE  dependence on structural concrete 
characteristics: 

 +⋅−⋅−⋅= NWRE 544,3279,086,2F  

 qD ⋅+⋅+ 00281,019,1  (4) 

The data presented (4) equation shows that the op-
erational strength of frost cycles, depending on the den-
sity, porous area of the reserve, absorption, capillary wall 
thickness, structure and direction indicator of imbalances. 

It was found that a decrease in water absorption, dis-
tortion and increasing the variable porous space reserve, 
density, relative pore and capillary wall thickness, operat-
ing frost resistance increases. 

Demonstrated the possibility to predict structural 
concrete operational frost resistance of samples in accor-
dance with the structure of the indicators 

Theoretical (calculated pursuant to (4) empirical 
equation) and the actual values of the comparison in Fig-
ure 6. adopt high prediction accuracy. 
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Fig 6. Comparison of theoretical and experimental va-
lues of concrete exploitation frost resistance  

 

Conclusions  

The various parameters of structure of concrete bod-
ies (water absorption, effective porosity, reserve of pore 
volume, relative wall thickness of the pores and capillar-
ies, degree of structural inhomogeneity) exert influence 
on frost resistance determined one-side method of freez-
ing-thawing. 

It was established that along with decrease in water 
absorption, effective porosity in reserve of pore volume, 
relative wall thickness of the pores and capillaries, the 
frost resistance determined one-side methods should in-
crease. 

The relationships between various structural parame-
ters (water absorption and effective porosity, relative wall 
thickness of the pores and capillaries and total open po-
rosity, degree of structural inhomogeneity and water ab-
sorption) provided in the study are described by empirical 
equations. The values of the multiple determination coef-

ficients describing the interdependence are R
2
 = 0.723 – 

0.948. It was found out that along with increase in effec-
tive porosity, the water absorption increases, the relative 
wall thickness of the pores and capillaries increase, with 
decrease in water absorption, the degree of structural 
inhomogeneity grows.  

The biggest influence on the service frost resistance 
of structural concretes is made by the structural parame-
ters. The possibility to predict the service frost resistance 
of such concretes exactly according to the particular 
structural parameters has been proved. 
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