
Engineering, Environmental Science 

 

Transfer of Innovative Technologies 
Vol.4, No.2 (2021), 53-59 53 

 
 
 

Improvement of the calculation and experimental method 
of evaluation of carbonization of reinforced concrete 

structures of sewerage underground systems 
 

Mykhailo Sukach1, Valeriy Chigarov2, Ivan Chebotar3 
 

1Kyiv National University of Construction and Architecture 
Povitroflotskiy Avenue 31, Kyiv, Ukraine, 03037 

msukach@ua.fm, orcid.org/0000-0003-0485-4073 
2Pryazovskyi State Technical University 

University Str. 7, Mariupol, Donetsk region, Ukraine, 87500 
orcid.org/ 0000-0002-1480-2261 
3Ukrainian Academy of Sciences 

Semashka Str. 13, Kyiv, Ukraine, 03142 

 
Received 04.08.2021, accepted after revision 24.09.2021 

https://doi.org/10.32347/tit2021.42.0203 

 
 
 

Abstract. Carbonization of concrete leads to a 

decrease in the alkalinity of concrete, an increase 

in the number of hydrogen ions in the pores, is one 

of the main factors that lead to corrosion of rein-

forcement, the formation of cracks and the subse-

quent reduction of load-bearing capacity of struc-

tures. The study of the depth of carbonization of 

concrete is to determine the pH of the pore liquid 

at different depths. There are devices with auto-

matic maintenance of a given concentration of 

carbon dioxide, to determine the diffusion permea-

bility of concrete to carbon dioxide, based on data 

on the rate of neutralization (carbonization) of 

concrete with carbon dioxide. Basically, this meth-

od is intended for use in the development of tech-

nology and design of concrete composition, 

providing long-term maintenance of structures in 

non-aggressive and aggressive gaseous environ-

ments, as chips are not prepared immediately be-

fore the test and after reaching the design age are 

placed in the installation with reagents for 7 days. 

But to determine the carbonization directly on the 

construction site or object often use the pH meth-

od, i.e. the indicator method of pH determination. 

To assess the concentration of hydrogen ions used 

acid-base indicators - organic substances – dyes, 

the color of which depends on the pH from the 

obtained results the algorithm of definition of 

depth of carbonization consists in the following 

actions. The improved formula of definition of  

 

 

 

depth of carbonization of concrete taking into ac-

count degree of aging and corrosion damages for 

what in the final formula the corresponding coeffi-

cients kst and kkor are entered: hcarb = {(2D˖C˖τ) / 

(mo˖kst ˖kkor)} 1/2, where the effective diffusion 

coefficient of CO2 in the concrete of the existing 

reinforced concrete structure, which is determined 

by the condition D = (mo˖δ2) / (2C˖t ). The thick-

ness of the neutralized layer δ is determined exper-
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imentally on an existing structure using a physico-

chemical method (phenolphthalein solution or 

using depth gauges. .Concentration of CO2 in air C 

should be determined by chemical analysis of air 

samples taken directly from the structure or take ≈ 

0.03%. Re. the ability of concrete mo is deter-

mined by the formula mo = 0.4 (C˖p˖f), taking the 

amount of cement, kg per 1m3, respectively, the 

strength of concrete. neutralization of concrete is 

equal to f = 0.5. 

Keywords: carbonization, corrosion, rein-

forcement, concrete, hydraulic engineering, diffu-

sion. 

 

INTRODUCTION 

 

Carbonization (neutralization) of concrete 

is a process of interaction with carbon dioxide 

(CO2) which results in the formation of calci-

um carbonate with a reduced pH of the liquid 

phase of concrete and the loss of passive ac-

tion on concrete reinforcement (Fig. 1, 2) 

[1 − 4]. 

Moreover, the passive state is a state of the 

metal in which the speed of the anode process 

is very limited, ie corrosion is virtually absent. 

Influence of chlorides − 65% carbonization 

− 5…6% poor quality mortar – 3…4% frost 

destruction − 5% fatigue of structures − 5% 

construction and installation defects – 

18…20% This is more clearly illustrated in 

Fig. 3 [3, 4]. 

Despite the fact that carbonization occupies 

only 5…6% of destruction, but its prevalence 

in recent years in underground sewer-

hydraulic reinforced concrete structures has 

led to the need for urgent study of this im-

portant problem for the construction industry 

[4, 5]. 

According to the analysis of literature 

sources which are devoted to the problem of 

carbonization, the main characteristic respon-

sible for the kinetics of carbonization is the 

diffusion permeability of carbon dioxide CO2 

into concrete. 

According to Fick's first law, we have 

 

Q = - D˖ (dc/dδ),   (1) 

 

where Q is the amount of transferred substance 

that is proportional to the gradient of its con-

centration dc/dδ; D is the coefficient of propor-

tionality or diffusion coefficient cm2/s (it is 

assumed that the diffusion coefficient does not 

depend on the gas concentration and time) [7]. 

The change in concentration with time 

dc/dδ at point (x) in linear diffusion is deter-

mined by Fick's second law 

 

dc/dt = D˖ (d2c/dδ2).  (2) 

 

Assuming that the concentration of CO2 in 

the pores of concrete varies linearly from the 

value of the concentration in the environment 

to zero in the zone of chemical interaction, and 

that the concentration gradient for small time 

intervals is constant, we can determine the 

effective diffusion coefficient by the formula 

 
 

Fig. 1. A concrete sample is taken from the reinforced concrete structure of the 

underground sewer system 
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D = (mo 2δ2/2C˖t),   (3) 

 

where D is the effective gas diffusion coeffi-

cient in concrete cm2 / s; mo is the reactivity of 

concrete or the volume of gas absorbed per 

unit volume of concrete. This value depends 

on the mineral composition, consumption and 

degree of hydration of cement and the pore 

structure of cement stone; δ is the thickness of 

the neutralized concrete layer, mm; t − dura-

tion of gas action on concrete, s; C is the con-

centration of CO2 in the air in relative terms by 

volume. 

The reactivity of concrete to carbon dioxide 

can be determined approximately by the for-

mula 

mo = 0.4 (C˖p˖f),  (4) 

 

where C is the amount of cement kg per 1 m3 

of concrete; p is the number of basic oxides in 

the cement in terms of CaO in relative terms 

by weight. Accepted in the calculations ac-

cording to the chemical analysis of cement; f is 

the degree of neutralization of concrete equal 

to the ratio of the number of basic oxides that 

reacted with the acid gas to their total amount 

in the cement. 

Since in practice it is often necessary to 

note the diffusion permeability of existing re-

inforced concrete structures, for which it is 

almost impossible to directly determine the 

parameters C, p, f, they can be determined 

approximately by the following assumptions. 

Since the strength of concrete depends on the 

amount of cement, kg per 1 m3, you can 

roughly take C for concrete: 

B25 (M300) − 300 kg; B30 (M400) − 400 

kg; B40 (M500) − 500 kg. The concrete 

strength of the existing reinforced concrete 

structure can be determined by non-destructive 

methods. 

If it is impossible to perform chemical 

analysis of cement, the value of p can be taken 

taking into account the composition of Port-

land cement [7, 8]: 

 

CaO = 58-72% MgO = 5% Na2O = 

= 1-2% K2O = 1-2%, 

 

i.e. the value of p can be taken equal to the 

average height ≈ 0.7. 

In addition, we can assume that the degree 

of neutralization of concrete f, in which car-

bonization occurs, based on the conditions of a 

linear drop in CO2 concentration from the val-

ue of the concentration in the environment 

 
Fig. 2. Schematic representation of the occurrence of corrosion of reinforcing steel 

 
 

Fig. 3. Scheme of measuring the depth 

of carbonization 
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near the concrete surface to zero in the chemi-

cal interaction zone is f = 0.5. 

It should be noted that in many scientific 

works [9, 10] where problems of carbonization 

of concrete are considered and models of fore-

casting of its depth of penetration into concrete 

are offered the main lack, in particular, in such 

models consequences of aging and corrosion 

of elements of concrete and reinforcement that 

obviously overestimates results. theoretical 

calculations. This shortcoming can be elimi-

nated by entering in the calculation models of 

the aging coefficients kst and kkor corrosion 

damage [11] kkor. 

Table 1 shows the values of the coefficients 

kst and kkor for reinforced concrete structures 

of sewer systems depending on the service life 

(from 0 to 50 years). 

 
Table 1. The value of the coefficients of aging kst 

and corrosion kkor reinforced concrete 

structures depending on the service life in 

underground sewers 

 

Coefficients 
Service life of structures, years 

10 20 30 40 50 

Kst 0.7 0.6 0.55 0.5 0.45 

Kkor 0.85 0.76 0.65 0.6 0.55 

k∑ 0.595 0.456 0.38 0.3 0.25 

 

Note: k∑ = kst × kkor is the total degradation coef-

ficient of reinforced concrete structures of 

sewer systems 

 

 

Given the above, the formula for determin-

ing the depth of carbonization will be as fol-

lows: 

 

hkarb = {(2D˖C˖τ) / (mo˖kст ˖kkor)} 1/2;    (5) 

 

Then, using the data of Table 1, according 

to formula (5) we calculate the depth of car-

bonization of concrete of long service life. The 

results of the calculation are summarized in 

Table 2. Attention is drawn to the low error 

(not more than 5…6%), which indicates the 

adequacy of the theoretical calculations of 

physical and mechanical processes that ac-

company the carbonization of concrete during 

the long life of reinforced concrete structures 

of underground sewerage [12]. 

Test methods: 

- preparation of an alcoholic solution of the 

indicator 1% alcoholic solution is used:  

(1 gram of the drug is dissolved in 80 ml of 

ethyl alcohol and water is added to a volume 

of 100 ml) [11]; 

- the indicator is applied on a fresh section 

of concrete made on an experimental structure 

or on a sample of concrete powder drilled from 

different depths from several holes. In the pH 

range from 8.2 to 10, the color of the indicator 

changes from colorless to red-purple. It is be-

lieved that when the pH of the pore fluid in the 

concrete around the reinforcement decreases to 

10, the concrete loses the ability to reliably 

protect the reinforcement from corrosion and 

in the presence of oxygen (oxidized) and mois-

ture (electrolyte) corrosion of the reinforce-

ment can begin. The depth of the carbonization 

zone from the surface of the structure is meas-

ured with a caliper [12]. 

Thus, it can be emphasized that carbon di-

oxide CO2, which is in the atmosphere, pri-

marily penetrating into the pores of concrete, 

tends to neutralize the highly alkaline envi-

ronment in the presence of moisture, thereby 

weakening its protective effect against rein-

forcement. This process is called carbonization 

concrete − is a complex reaction of conversion 

of calcium hydroxide into calcium carbonate, 

which in a simplified form can be written [12]: 

Ca (OH) 2 + CO2 + H2O = CaCO3 + 2H2O. 

 

THE RESULTS OF EXPERIMENTAL 

AND THEORETICAL RESEARCH 

AND THEIR DISCUSSION 

 

Table 1 shows the values of the coefficients 

of aging and corrosion of structures and 

Table 2 shows the data for determining the 

depth of carbonization of concrete depending 

on the service life of the reinforced concrete 

structure. 

The carbonization process consists of a 

number of intermediate stages, starting from 

the surface of the concrete structure from the 
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moment of its manufacture and attenuating as 

carbon dioxide penetrates into the concrete 

through open pores. 

 
Table 2. Calculated and experimental values of 

carbonization depth of reinforced concrete 

structures of underground sewer structures 

 

Depth of 

carbonization, 

mm 

The service life of structures is 

years 

10 20 30 40 50 

hteor 7.7 20.17 36.3 61.3 91.9 

hexp 9.1 18.7 33.6 58.7 88.87 

 

Note: The error between theoretical (calculated) 

and experimental values of the depth of 

carbonization is not more than 5…6% al-

lowed in engineering calculations 

 

 

During the reactions, the pH value of the 

porous liquid of concrete decreases from the 

initial values of 12.5 to a level below 9. With 

limited access of air, iron is not passivated in 

alkaline solutions having a pH below 11.3 − 

11.8. Carbonization of concrete is completely 

completed at pH values of about 9. At such pH 

values there is a depassation of reinforcing 

steel (destruction of the protective film), re-

sulting in a risk of corrosion of the reinforce-

ment. 

Carbonization of concrete leads to a de-

crease in the alkalinity of concrete, an increase 

in the number of hydrogen ions in the pores, is 

one of the main factors that lead to corrosion 

of reinforcement, the formation of cracks and 

subsequent reduction of load-bearing capacity 

of structures. The study of the depth of carbon-

ization of concrete is to determine the pH of 

the pore liquid at different depths. There are 

devices with automatic maintenance of a given 

concentration of carbon dioxide, to determine 

the diffusion permeability of concrete for car-

bon dioxide, based on data on the rate of neu-

tralization (carbonization) of concrete with 

carbon dioxide. Basically, this method is in-

tended for use in the development of technolo-

gy and design of concrete composition, 

providing long-term maintenance of structures 

in non-aggressive and aggressive gaseous en-

vironments, as samples are not prepared im-

mediately before testing and after reaching 

design age are placed in the installation with 

reagents for 7 days. However, the pH method, 

i.e. the indicator method for determining pH, is 

often used to determine carbonization directly 

on a construction site or site. To assess the 

concentration of hydrogen ions used acid-base 

indicators − organic substances − dyes, the 

color of which depends on the pH of the medi-

um, in this case using phenolphthalein 

C20H14O4. 
 

CONCLUSIONS 
 

Based on the above, we can conclude the 
following: 

1 The proposed algorithm for determining 
the depth of carbonization, which consists in 
the following steps: 

Improved formula for determining the 
depth of carbonization of concrete, taking into 
account the degree of aging and corrosion 
damage, for which the final formula intro-
duced the appropriate coefficients kst and kkor: 
hkarb = {(2D˖C˖τ) / (mo˖kst ˖kkor)} 1/2, where 
the effective diffusion coefficient of CO2 in 
the concrete of the existing reinforced concrete 
structure, which is determined by the condition 
D = (mo˖δ2) / (2C˖t). 

2. The thickness of the neutralized layer δ is 
determined experimentally on an existing 
structure using a physicochemical method 
(phenolphthalein solution or using depth gaug-
es). 

3. The concentration of CO2 in the air C 
must be determined by chemical analysis of air 
samples taken directly from the structure or 
take ≈ 0.03%. 

4. The reactivity of concrete mo is deter-
mined by the formula mo = 0.4 (C˖p˖f), taking 
the amount of cement, kg per 1m3, according 
to the strength of concrete. The amount of 
basic oxides in cement in terms of CaO to take 
the average values of p ≈ 0.7. Moreover, the 
degree of neutralization of concrete is taken 
equal to f = 0.5. 
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Улучшение расчетно-экспериментального 

метода оценки карбонизации железо- 

бетонных конструкций подземных 

систем канализации 

 

Михаил Сукач, Валерий Чигарев, 

Иван Чеботар 

 

Аннотация. Карбонизация бетона приводит 

к снижению щелочности бетона, увеличению 

количества ионов водорода в порах, является 

одним из основных факторов, приводящих к 

коррозии арматуры, образованию трещин и 

последующему снижению несущей способно-

сти. вместимость конструкций. Исследование 

глубины карбонизации бетона заключается в 

определении pH поровой жидкости на разной 

глубине. Существуют устройства с автоматиче-

ским поддержанием заданной концентрации 

углекислого газа, позволяющие определять 

диффузионную проницаемость бетона для уг-

лекислого газа на основе данных о скорости 

нейтрализации (карбонизации) бетона углекис-

лым газом. В основном этот метод предназна-

чен для использования при разработке техноло-

гии и конструкции бетонного состава, обеспе-

чивающего длительное обслуживание кон-

струкций в неагрессивных и агрессивных газо-

вых средах, так как стружка не готовится непо-

средственно перед испытанием и после дости-

жения проектного возраста помещают в уста-

новку с реагентами на 7 суток. Но для опреде-

ления карбонизации прямо на стройплощадке  

 

или объекте часто используют pH-метод, то 

есть индикаторный метод определения pH. Для 

оценки концентрации ионов водорода исполь-

зуются кислотно-основные индикаторы − орга-

нические вещества − красители, цвет которых 

зависит от pH. По полученным результатам 

алгоритм определения глубины карбонизации 

состоит в следующих действиях. Усовершен-

ствованная формула определения глубины кар-

бонизации бетона с учетом степени старения и 

коррозионных повреждений, для чего в оконча-

тельную формулу вводятся соответствующие 

коэффициенты kst и kkor: hcarb = {(2D˖C˖τ) / 

(mo˖kст ˖kkor)} 1/2, где эффективный коэффици-

ент диффузии СО2 в бетоне существующей 

железобетонной конструкции, который опреде-

ляется условием D = (mo˖δ2) / (2C˖t). Толщина 

нейтрализованного слоя δ определяется экспе-

риментально на существующей конструкции с 

помощью физико-химического метода (раствор 

фенолфталеина или с помощью глубиномеров. 

Концентрация CO2 в воздухе C должна опреде-

ляться химическим анализом проб воздуха, 

взятых непосредственно из конструкции, либо 

взять ≈ 0,03% Re. Способность бетона mo опре-

деляют по формуле mo = 0,4 (C˖p˖f), принимая 

количество цемента, кг на 1м3, соответственно 

прочность бетона. Нейтрализация бетона равна 

f = 0,5. 

Ключевые слова: карбонизация, коррозия, 

армирование, бетон, гидротехника, диффузия. 

 


