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Abstract. Based on the results of many research years on concrete carbonisation: both immediately after manufacture 

(using heat-moisture treatment) and in reinforced concrete elements operated for the periods of various length (in an 

open atmosphere); the effect of carbonisation on the change in the protective properties of concrete in relation to steel 

reinforcement; for determination of the dependence of the corrosion state of steel reinforcement on the degree of 

concrete carbonisation in the area of steel reinforcement; the obtained regression dependences of the change (by time in 

the cross section) of the degree of concrete carbonisation of various classes in strength, – the analysis of the time of the 

onset of the boundary values of the degrees of concrete carbonisation (strength classes C12/15–C30/37) for the operating 

conditions of the open atmosphere was performed. Based on it, the regression dependences of the time variation of the 

depth of corrosion damage of steel reinforcement were construed (for fixed thicknesses of the concrete protective layer). 

The obtained nature of dependences made it possible to offer, in a general form, the regression dependences of the depth 

of corrosion damage and corrosion rate of steel reinforcement for concretes (strength classes C12/15–C30/37) for 

operating conditions in open atmosphere. 
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Introduction 

One of the key factors determining the durability of reinforced concrete culverts is the corrosion rate of steel 

reinforcement in concrete. 

The main process that neutralises concrete in reinforced concrete elements operated in open atmosphere is the 

carbonisation of concrete, which, by reducing the protective properties of concrete with respect to steel reinforcement, 

creates conditions for its corrosion. 

The process of the development of corrosion in steel reinforcement leads to the reduction of its cross section 

along with a simultaneous deterioration of its mechanical characteristics. Therefore, the issue of establishing 

dependence is important: dependence of the corrosion rate of steel reinforcement during carbonisation of the concrete 

protective layer (thickness of the concrete protective layer; class of concrete in terms of strength and operating 

conditions of reinforced concrete products).  

1. Main part 

Existing carbonisation assessment techniques based on the phenolphthalein test (PPT) consider only two concrete 

conditions: 

 “healthy”, retaining protective properties in relation to steel reinforcement, and   

 carbonised, contributing to the emergence and development of corrosion. 

These methods do not allow to evaluate the corrosion rate of steel reinforcement and its change in the cross 

section of concrete. 

All studies of concrete carbonisation are based on the basic carbonisation equation that was deduced by the 

authors of the paper (Alekseev & Rozentalʼ, 1976, p. 154), relying on the theoretical foundations of diffusion kinetics 
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and experimental results in which the neutralisation of concrete by carbon dioxide is considered from the standpoint 

of heterogeneous chemical reactions. 

In general, the equation is written as follows: 

 x А  , (1) 

where x – thickness of neutralised layer on the phenolphthalein test, cm; А – coefficient;  – construction service time, s. 
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where D' – effective diffusion coefficient СО2, cm2/s; C – atmospheric concentration of СО2 in relative units by volume; 

m0 – concrete reaction capacity, cm3. 

Numerous scientists constantly researching various parameters that affect the A coefficient (in terms of concrete 

composition, technological parameters, operating conditions, etc., to improve the compliance between calculated and 

actual results). Researchers believe that numerous parameters clarification will bring the calculated values of the 

carbonisation depth closer to the actual ones. However, it would be logical if the phenolphthalein test (or any other) 

would show a size of “healthy” concrete rather than an abstract carbonisation value, where the “healthy” concrete 

retains its protective properties by relation to steel concrete, dividing it by colour with carbonised (that lost protective 

properties). 

Since the carbonisation of concrete is determined by PPT which changes the colour of the concrete, it means that 

it must show either the limit of the carbonised layer (carbonisation intermittence) or the change in the thickness of the 

layer that has lost its protective properties with respect to steel reinforcement. 

PPT does not show the limit of the concrete carbonisation intermittence. Saturation of concrete with carbon 

dioxide, carbonisation, continues in depth almost entire life of reinforced concrete products operating in air 

environments which author has shown in numerous works (Vasilʼyev, 2012, 2013, 2016, 2017, 2018, 2019 etc.). Other 

scientists citing the results of their researches show that the absorption of carbon dioxide over the concrete cross section 

does not occur linearly but over a complex dependency. And the first to discover it were Alekseev and Rozentalʼ (1976, 

p. 102), who introduced the dependencies of distribution of bound carbon dioxide over the cross section of cement and 

sand solution samples with different W/C, although this was not developed further. 

PPT is a chemical reaction between phenolphthalein and sodium hydroxide and calcium hydroxide, causing the 

solution to discolour (colour) at a certain value of the pore liquid alkalinity index (pH), though is does not indicate the 

intermittence of carbonisation. 

During the operation of reinforced concrete, especially for long periods during the opening of protective concrete, 

quite often steel reinforcement is in a corrosive state of varying degrees of intensity. That happens in the area which 

after treating the concrete with phenolphthalein has a pronounced colour that is easily explained as it is well known 

PPT showing a change in alkalinity pH from 8.5 to 14, changing colour from colourless to bright raspberry, where the 

state of steel reinforcement in such a huge range of alkalinity is determined from passive to corrosive high degree of 

intensity. 

In accordance with the thermodynamic calculations of Babushkin (1986, p. 320), corrosion of steel reinforcement 

is possible at pH < 11.8. In the paper (Kudryavtsev & Bogdanov, 2001, p. 228), according to the results of the study 

of the cement and sand fraction samples, it was found that the value of the limit of a neutralised layer corresponds to 

pH ≈ 10.3. That is, steel reinforcement, being in the area considered to be protective for steel reinforcement (рН = 

10.3÷11.8), can and is corroding under oxygen and air moisture conditions. 

Thus, the corrosion rate of steel reinforcement in an open atmosphere in accordance with (DuraCrete 7, 1999):  

 ,
365

w
corr corr a

N
V V  , (3) 

where: Vcor, ar is the average corrosion rate of steel reinforcement, mm/year, determined by the operating conditions; in 

accordance with (DuraCrete 7, 1999), when operated outdoors, Vcor, ar = 0.005 mm/year, Nw is the number of days in a 

year with precipitation of more than 2.5 mm. 

The proposed dependence does not take into account important factors such as: 

 concrete class by strength on compression (concrete composition), 

 state of protective properties of concrete in relation to steel reinforcement,  

 the thickness of the protective layer of concrete. 

For the possibility of determining the rate of development of corrosion of steel reinforcement in a carbonised 

concrete layer, the results of many years of research are used: changes of carbonisation in time over the cross section 

of concrete, effect of carbonisation on a change in the state of protective properties of concrete in relation to steel 

reinforcement, states of steel reinforcement (Vasilʼyev, 2012, 2013, 2016, 2017, 2018, 2019). 
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Based on the revealed dependence of the corrosion state of steel reinforcement (on the degree of concrete 

carbonisation in the area of steel reinforcement) and the regression dependences obtained (changes by time of the 

degree of concrete carbonisation in the cross section), the analysis of the timing of the occurrence of the boundary 

values of the degrees of carbonisation (for different strength classes of concrete) and the dependences of the time 

variation of the corrosion damage of steel reinforcement (for the thicknesses of the protective layer of concrete 10, 15, 

20 and 25 mm were measured; for concrete strength classes С12
15–С30/37; for operating conditions in the open 

atmosphere). 

As an example, Figure 1 and Figure 2 show the regression functions of the dependence of the depth of corrosion 

damage to the steel reinforcement on the thickness of the protective layer of concrete (concrete of strength classes 

С16/20 and С25/30) for the operating conditions in the open atmosphere. Regression dependences for the remaining classes 

of concrete by strength were obtained similarly. They show that corrosion damage to steel reinforcement develops 

according to a complex exponential dependence pattern and their rate depends on the thickness of the protective layer 

of concrete and the strength class of concrete. 

Using the obtained dependencies allows (depending on the thickness of the protective layer of concrete of various 

strength classes): 

 to predict the depth of corrosion damage of steel reinforcement over time, and  

 evaluate the average corrosion rate of steel reinforcement. 

By assuming the planned service life of reinforced concrete products of 50 years, using the obtained dependences 

of the depth of corrosion damage of steel reinforcement (for boundary values of the thickness of the protective layer 

of concrete), we obtain the regression dependences of the depth of corrosion damage of steel reinforcement on the 

thickness of the protective layer of concrete (for concrete strength classes С12/15 and С30/37 and the operating conditions 

in the open atmosphere). The regression dependence graph is shown in Figure 3.  

 

 

The thickness of the protective layer of concrete: 1 – 10; 2 – 15; 3 – 20; 4 – 25 mm 

Figure 1. Dependences of the depth of steel reinforcement corrosion damage on the thickness  

of the protective layer of concrete strength class C16/
20 for the open atmosphere conditions  

 
The thickness of the protective layer of concrete: 1 – 10; 2 – 15; 3 – 20; 4 – 25 mm 

Figure 2. Dependences of the depth of steel reinforcement corrosion damage on the thickness  

of the protective layer of concrete strength class C25/
30 for the open atmosphere conditions  
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Concrete compressive strength classes: 1 – С12/15; 2 – С16/20; 3 – С18/22.5; 4 – С20/25; 5 – С22/27,5; 6 – С25/30; 7 – С28/35; 8 – С30/37 

Figure 3. Regression dependences of the depth of corrosion of steel reinforcement on the thickness  

of the protective layer of concrete (for operating conditions in an open atmosphere) 

Based on them, regression dependences of the average rate of corrosion damage of steel reinforcement on the 

thickness of the concrete protective layer were obtained (for concrete of various classes in strength and operating 

conditions of an open atmosphere). Graphically they are presented in Figure 4.  

 

 

Concrete compressive strength classes: 1 – С12/15; 2 – С16/20; 3 – С18/22.5; 4 – С20/25; 5 – С22/27,5; 6 – С25/30; 7 – С28/35; 8 – С30/37 

Figure 4. Regression dependences of the average corrosion rate of steel reinforcement on the thickness  

of the concrete protective layer for operating conditions in the open atmosphere 

The dependencies obtained show that: 

 the corrosion rate of steel reinforcement in carbonised concrete is the same for all strength classes of 

concrete (decreases along the cross section from the surface into the depth, acc. to the complex exponential 

dependence pattern); 

 the corrosion rate depends on the strength class of concrete (the higher the strength class, the lower the 

corrosion rate). 

The nature of dependencies and the physical meaning of the problem of assessing the depth of damage of steel 

reinforcement made it possible to suggest (in general terms) a regression dependence of the rate of damage of steel 

reinforcement for fixed values of the thickness of the protective layer of concrete and the exponential nature of 

corrosion development in steel reinforcement: 

 0 1( ) (1 exp( ))h t t     (4) 

where: h is the corrosion depth of steel reinforcement, mm; t is the operating time, years; α0 and α1 are the coefficients that 

determine: the maximum corrosion rate at t = ∞ (α0) and the rate of development of the corrosion process (α1). 

When establishing the given regression dependence, the boundary value of the operation of 100 years was taken. 

The coefficients α0 and α1 were determined automatically by the least squares method under the Nonlinear 

Regression section of the Statgraphics Centurion software package for statistical data analysis. The solution of the 

corresponding system of nonlinear equations was carried out by the Marquardt method. 

To find the dependence of the development of corrosion of steel reinforcement on the thickness of the concrete 

protective layer, it was necessary to obtain the dependence of the parameters a0 and a1 (over four thicknesses of the 

protective layer) for any value of the protective layer (s).  
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Using regression analysis methods for scattering diagrams a0(s) and a1(s), it was found that these dependences 

are effectively described by approximating hyperbole equations:  

 a0(s) = b0 + b1/s, (5) 

 a1(s) = с0 + с1/s, (6) 

where: b0, b1, с0, с1 – coefficients; s – thickness of the protective layer of concrete, mm. 

Thus, the depth of corrosion in steel reinforcement for any thickness of the protective layer  

 1 1
0 0( , ) 1 exp

b c
h t s b c t

s s

      
         
      

. (7) 

Hyperbole parameters were determined automatically under the Simple Regression section of the Statgraphics 

Centurion package using the least squares method.  

The obtained values of the coefficients b0, b1, с0, с1 for strength grades of concrete on compression С12/15 – С30/37, in 

open atmosphere conditions, are shown in Table 1. 

Table 1. Values of indicators b0, b1, с0 and с1 

Concrete grade by strength on 

compression 

Coefficient 

b0 b1 с0 с1 

С12/15 −0.745000 33.250000 0.00299648 0.3520030 

С16/20 −0.695000 23.750000 0.0003100 0.4100000 

С18/22.5 −0.562000 19.990000 −0.0019900 0.3300000 

С20/25 −0.621000 20.519000 −0.0035000 0.2860000 

С22/27,5 −0.537000 18.560000 −0.0048000 0.2560000 

С25/30 −0.422000 14.995000 −0.0052000 0.2520000 

С28/35 −0.293000 11.395000 −0.0052500 0.2299000 

С30/37 −0.235000 9.589000 −0.0052880 0.2050000 

 

Rate of corrosion of steel reinforcement in carbonised concrete 

 1 1 1
0 0 0( , ) .

b c c
v t s b c c t

s s s

     
          
     

 (8) 

The analysis of results of determining the corrosion rate of steel reinforcement (for any strength classes of 

concrete) shows that: 

 the corrosion rate decreases over the cross section of concrete from the surface, towards its depth, acc. to a 

complex dependence pattern; 

 the corrosion rate, starting from the thickness of the concrete protective layer of less than 20 mm, is 

significantly higher than that proposed today in (DuraCrete 7, 1999) and is equal to 0.005 mm/year in 

carbonised concrete. 

Conclusions 

The studies performed and the regression dependences obtained from their results allow to evaluate and predict the 

depth and rate of corrosion damage of steel reinforcement depending on the strength class of concrete and the thickness 

of the protective layer. 

Their use allows to significantly more objectively predict the durability of reinforced concrete culverts in terms 

of degradation of reinforced concrete, both at the design stage and in operation. 
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