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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-
guent 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
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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 ks and kior are entered: hcarb = {(2D.C-.1) /
(mo-kst -kior)} 1/2, where the effective diffusion
coefficient of CO- in the concrete of the existing
reinforced concrete structure, which is determined
by the condition D = (m,-82) / (2C-t ). The thick-
ness of the neutralized layer o 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 CO- 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 m, = 0.4 (C.p-f), taking the
amount of cement, kg per 1m?3, 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-

Y
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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 CO;
into concrete.

According to Fick's first law, we have

Q =- D-. (dc/dd), (1)

where Q is the amount of transferred substance
that is proportional to the gradient of its con-
centration dc/ds; D is the coefficient of propor-
tionality or diffusion coefficient cm?/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/dé at point (x) in linear diffusion is deter-
mined by Fick's second law

de/dt = D. (d2¢/d82). )

Assuming that the concentration of CO> 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

S Carbonized
concrete

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

underground sewer system
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Fig. 2. Schematic representation of the occurrence of corrosion of reinforcing steel

D = (Mo 252/2C-t), (3)

where D is the effective gas diffusion coeffi-
cient in concrete cm? / 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; d is the thickness of
the neutralized concrete layer, mm; t — dura-
tion of gas action on concrete, s; C is the con-
centration of COz 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)

Concrete without
carbonization

1cm Carbonization of

concrate

IIIIHHHHIHHIHH]

2¢cm

Fig. 3. Scheme of measuring the depth
of carbonization

where C is the amount of cement kg per 1 m®
of concrete; p is the number of basic oxides in
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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 m% 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]:

Ca0 = 58-72% MgO = 5% Na.0 =
=1-2% K20 = 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
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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

Service life of structures, years
Coefficients

10 20 30 | 40 | 50
Kst 0.7 06 | 055| 05| 045
Kkor 0.85 | 0.76 | 0.65 | 0.6 | 0.55
ks 0.595 | 0.456 | 0.38 | 0.3 | 0.25

Note: ks = kst % Kior 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:

Nikarb = {(2D-C-1) / (mo-Ker -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
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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 + H20 = CaCOs + 2H20.

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

The service life of structures is
Depth of years
carbonization,
mm 10 20 30 40 50
Piteor 7.7 |120.17|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-
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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
C20H140a4.

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 Kor:
hkarb = {(2D+C+T) / (mo+kst +kkor)} 1/2, Where
the effective diffusion coefficient of CO: in
the concrete of the existing reinforced concrete
structure, which is determined by the condition
D = (mo-92) / (2C-t).

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

3. The concentration of CO> 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 1m?, 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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YaydiieHue pacueTHO-IKCIIEPUMEHTAIBLHOTO
MeTOoaa OleHKH KapOoOHU3alNH KeJie30-
0eTOHHBIX KOHCTPYKIIUI MOA3eMHBIX
CHCTEM KaHAJTH3AIUA

Muxaun Cykau, Banepuii Yueapes,
Usan Yebomap

AnHoTtanus. KapOoHmn3arms 6eToHa IPUBOINAT
K CHIDKEHHMIO LIEJIOYHOCTH OETOHA, yBEIUYCHHIO
KOJINYEeCTBAa MOHOB BOJOPOJAa B MOPAX, SIBISETCS
OJHUM U3 OCHOBHBIX ()aKTOPOB, NPUBOISAIIUX K
KOPpPO3HUH apMarypsl, OOpa30BAHUIO TPEIIUH H
MOCJeAYIONIeMy CHI)KEHHIO Hecylleld CHocoOHO-
CTH. BMECTHMOCTh KOHCTpykuui. McciemoBanue
IyOWHBI KapOOHM3aIMy OETOHAa 3aKIo4YaeTcs B
onpezaenenuu pH mopoBoi KUAKOCTH HA pa3HOU
riyoune. CyIlecTByIOT YCTPOWCTBA C aBTOMAaTHYe-
CKUM MOJJEpKaHWEM 3aJaHHOW KOHLEHTPALUH
VIJIEKHCIIOr0 Ta3a, MO3BOJIIOUINE ONpelessiTh
I Py3MOHHYI0 TMPOHUIIAEMOCTh OETOHA ISt yT-
JICKUCIIOTO Ta3a Ha OCHOBE JAHHBIX O CKOPOCTH
HedTpanu3anuu (kapOoHU3aI) OETOHa YTIIEKHC-
JBIM Ta30M. B OCHOBHOM 3TOT MeTon MpeaHa3Ha-
YeH JJIs1 UCTIONIb30BaHMs IPH pa3paboTKe TEXHOJIO-
TUH W KOHCTPYKIHH OETOHHOTO COCTaBa, oOecre-
YHUBAIOLIETO JJIUTENbHOE OOCITY)KHMBaHWE KOH-
CTPYKLIMI B HEArpECCUBHBIX M arpeCCUBHBIX I'a30-
BBIX CPEIax, TaK KaK CTPY’Ka He TOTOBUTCS HEIO-
CPEACTBEHHO Mepe/a MCIBITAHUEM U I0CJE TOCTH-
KEHUsI MPOCKTHOTO BO3pacTa MOMENIAlT B ycCTa-
HOBKY C peareHTamH Ha 7 cytok. Ho ans onpene-
JeHus KapOOHM3alWU NpPSMO Ha CTPOMIUIOLIAgKe
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Wi o0bEeKTe YacTo MCHoNb3yloT pH-meron, To
€CTh MHJIUKATOPHBIA MeToj onpenenenus pH. Jna
OIIEHKH KOHIIEHTPAIIMN HOHOB BOAOPOJA HCIIOJNb-
3YIOTCSI KUCIIOTHO-OCHOBHBIE WHIWKATOPHI — Opra-
HUYECKHE BemIeCTBA — KPACHTENH, I[BET KOTOPHIX
3aBucuT oT pH. Ilo mosmy4yeHHBIM pe3yapTaTam
ITOPUTM ONpeAescHUsl TIyOMHBI KapOOHHM3aLUH
COCTOUT B CIEAYIOIIMX ICUCTBUAX. Y COBEPLICH-
CTBOBaHHas (opMyJia ONpeesIeHus TIIyOHHBI Kap-
OoHm3anmy O0ETOHA C YYETOM CTENEeHH CTApPEHUS U
KOPPO3HOHHBIX TOBPEXACHHH, AJIS1 4Yero B OKOHYa-
TeNbHYI0 (HOPMYITy BBOJSATCS COOTBETCTBYIOIIHE
kodpdunmentsl ks ¥ Kior: heaw = {(2D-C.1) /
(Mo-Ker -kior)} 1/2, e 3pdexTuBHBIN KOIPPHUIH-
enr mudpdysun CO; B OeTOHE CYLIECTBYIOLIECH
JKEJIe300eTOHHON KOHCTPYKIIUH, KOTOPBIA OTpeie-
nsiercst yeaopueM D = (Mg-d2) / (2C.t). Tommmua
HEUTPaTM30BaHHOTO CIIOS O OMpeeNseTcs JKcIie-
PUMEHTAIBFHO Ha CYMIECTBYIOMIEH KOHCTPYKIIMHU C
TTOMOIIIBIO (PH3UKO-XUMHYECKOTO MeTOa (PacTBOp
(deHondranenHa UM ¢ MOMOMIBIO TITyOWHOMEPOB.
Konuentpanus CO; B Bo3nyxe C noipkHa ompene-
JATHCSI XUMHAYECKUM aHAM30M TIpo0 BO3ayXa,
B3ATBIX HEMOCPCACTBCHHO M3 KOHCTPYKIIUH, JII/I6O
B3sTh ~ 0,03% Re. CiocobHOCTH OeTOHA M, OMIpe-
nensroT mo dopmyne me = 0,4 (C.p-f), npuaIMAas
KOJIMYECTBO IICMCHTA, KI' Ha 1M3, COOTBETCTBCHHO
MPOYHOCTh OeToHa. HelTpanu3alys OeToHA paBHA
f=0,5.
KuioueBble cji0Ba: KapOOHU3ANS, KOPPO3HS,

apMUpOBaHUE, OCTOH, TUAPOTEXHUKA, THDDY3HSL.
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