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Revised: September 21, 2022 not lose its relevance, because, despite the abundance of modern methods of
Accepted: September 25, 2022 protection, there are still no radical methods of corrosion control. Corrosive

destruction of building materials leads to a strength and load-bearing capacity
reduction, loss of aesthetic properties of concrete and reinforced concrete struc-
tures and, consequently, to a decrease in the residual life of buildings and struc-
tures. The biological factor often acts as an intensifier of corrosive destruction.
In this regard, it is reasonable to search for the possibility of predicting the dura-
bility of concrete and reinforced concrete structures in aggressive liquid mediums,
taking into account the biofactor effect from the standpoint of mass transfer theory.
The authors present a model of mass transfer in a concrete structure exposed to

aggressive environment and biofouling. The proposed physical and mathematical
model considers the properties of concrete and aggressive environment, as well
as the kinetics of continuous processes of growth, reproduction and death of
microorganisms. The results of numerical experiments on the proposed mathe-
matical model are provided. The application of the received solutions will allow
timely monitoring of biocorrosive destruction of concrete and reinforced con-
crete structures and selecting effective methods of protection.
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IIporso3upoBaHue 0CTATOYHOIO pecypca 0eTOHHbIX KOHCTPYKIMH
pH OMOKOPPO3HH € MO3ULUH TEOPHU MACCOIIEPEHOCA
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Hcropus ctaTbu AnHoTanus. [Ipobrema KOPPO3HOHHOTO pa3pymieHHs OCTOHHBIX H JKele300e-
[octynuna B penakuuto: 12 urons 2022 r. TOHHBIX KOHCTPYKLMH NPOU3BOACTBEHHBIX 3[JaHMM, UCIHBITHIBAIOIMX BIIHSIHUE
Jopab6orana: 21 centsiopst 2022 1. arpecCcUBHBIX Cpell, He TepsieT CBOEH aKTyallbHOCTH, IIOCKOJIbKY, HECMOTpS Ha
IMpunsta k myOmikarmy: 25 ceHtsiops 2022 r. o0uIMe COBPEMEHHBIX CIIOCOOOB 3aIUTHI, 1O CHX IOP PaJUKaIbHBIX METOAOB

60pb0BI HE cymiecTByeT. Koppo3noHHas NECTpYKUHMSI CTPOMTEIbHBIX Marepua-
JIOB MIPUBOJMT K CHIDKCHHUIO MPOYHOCTH M HECYIIEH CIIOCOOHOCTH, MOTEpe dCTe-
TUYECKUX CBOWCTB OETOHHBIX M KeJIe300€TOHHBIX KOHCTPYKLUMH H, CJenoBa-
TEJIbHO, K CHIDKEHHIO OCTaTOYHOTO pecypca 3AaHui U coopykeHui. MHTeHCH-
(uKaTOPOM KOPPO3HOHHOHM JECTPYKLUUH HEPEAKO BBICTYIAET OHMOJIOTHYECKHUil
¢daxtop. B cBs3u ¢ 3TUM panyoHaNIeH MOUCK BO3MOXXHOCTH HPOTHO3MPOBAHUS
JOJITOBEYHOCTH OETOHHBIX U JKeJIe300€TOHHBIX KOHCTPYKIMHA B arpecCHBHBIX
XKHUIKHX CPEIax ¢ ydyeToM AeicTBHs OModakTopa ¢ MO3ULIUH TEOPHH Maccomepe-
Hoca. [IpuBoauTcs Mozenb MacconepeHoca B OETOHHON KOHCTPYKILMH, MTOJBEP-
JKCHHOW BO3JICHCTBUIO arpecCHBHOI cpenbl u OuoobOpactanuto. [IpeanoxeHHas

st UMTHPOBAHUSE (bu3uKo-MaTeMaTHUECKask MOJIETb YUUTHIBAET CBOMCTBa OETOHA U arpecCUBHOMI
®edocos C.B., Jloeunosa C.A., Llamwiou- Cpenbl, a TaKkke KMHETUKY HENPEPHIBHBIX BO BPEMEHHM IIPOIECCOB POCTa, pas-
MHOXKEHMSI U 'MOEIM MUKPOOPraHU3MOB. IIpUBOASTCS pe3yabTaThl YUCIECHHBIX
SKCIIEPUMEHTOB I10 MPEATI0KEHHOW MaTeMaTtnieckor Moaenu. [Ipumenenne mo-
JIy4EHHBIX PEIECHUN MO3BOJIUT OCYLIECTBISTH CBOEBPEMEHHBII MOHUTOPUHT OHO-
KOPPO3HOHHBIX Pa3pylIeHHI OETOHHBIX U JKeNIe300€TOHHBIX KOHCTPYKIUH H MOA-
6upath 3P PeKTUBHBIC METO/IBI 3ALUTHL.

Ha A.A. IlporHo3upoBaHue OCTATOYHOTO pe-
cypca GETOHHBIX KOHCTPYKLIMI IpH OUOKOp-
PO3MH C TO3WIMK TEOPHH MaccorepeHoca //
CrponTtensHas MEXaHUKA WHKCHEPHBIX KOH-
cTpykumii U coopyxkenmit. 2022. T. 18. Ne 5.

C. 438-443. http://doi.org/10.22363/1815- KuroueBble ciioBa: GETOH, )eJIe300€TOH, KOPpo3us, OHOpa3pylIeHHE, 0CTaTOY-
5235-2022-18-5-438-443 HbII pecypc, MaccoNepeHoc
Introduction

For a long time, they considered that concrete and reinforced concrete structures have an unlimited life, because
concrete only gains strength over time [1; 2]. However, during operation, building structures are influenced by various
aggressive environments, which eventually result in their destruction. Thus, corrosive destruction of building materi-
als, including biodegradation, is most often found in of food, chemical and other industries' buildings. Figure 1 shows
photographic materials from the inspection of corrosively damaged structures of an industrial building.

Currently, there are no guidelines in the building regulations for the design and calculation of structures taking
into account corrosive damage. Predicting the life of concrete and reinforced concrete structures, assessing the residu-
al life of their operation is an urgent task, which solution is possible by applying the theory of mass transfer.

The works of V.P. Selyaev [3; 4], V.T. Erofeev [5; 6], V.I. Rimshin [7], B.V. Gusev [8; 9], N.K. Rosen-
thal [10] and other scientists are devoted to the development of methods for calculating structures exposed to
corrosive destruction, modeling of biocorrosive damage.

The most common structural damages during operation in aggressive environments are described in the
N.K. Rosenthal's works [10]. The article describes in more detail the process of corrosive destruction of concrete
during biofouling.
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Figure 1. Corrosion damage to the coating of an industrial building in Moscow

Nowadays, it has been established that biocorrosive destruction of concrete and reinforced concrete struc-
tures in its pure form is rare, most often it develops in aggregate with other types of corrosion [11-13]. Addition-
al impact of the bioaggressive environment results in an even greater increase in the material porosity, intensifi-
cation of diffusion processes in the body of concrete and, as a consequence, stimulation of corrosion destruction
in general. Building structures operated in an aquatic environment or an environment of high humidity are par-
ticularly often subjected to biocorrosive destruction.

When examining operated concrete and reinforced concrete structures, it is usual to determine their residual
life. By mathematical modeling of the corrosion destruction of concrete, taking into account the biofactor, it is pos-
sible to establish the essence of the exchange processes occurring between cement stone and biota, predict this ex-
change and formulate ways to prevent such corrosion damage, thereby saving an impressive amount of money.

Methods

The development of a mathematical description of the biocorrosive destruction of concrete was carried out
from the standpoint of the theory of mass transfer. The “concrete — biofilm — liquid” system, which is typical for the
case of biofouling of a concrete structure exposed to an aquatic environment during operation, was considered. This
system consisted of two unlimited plates in contact with each other. Each of the plates was characterized by the size
and properties of the simulated object. The task was to determine the concentration change of the transferred com-
ponent (Ca(OH),) over time by the thickness of the concrete structure. A mass transfer model in an unlimited two-
layer plate was compiled in the form of a system of partial differential equations of the parabolic type with bounda-
ry conditions of the second kind at the boundary of concrete with liquid and of the fourth kind at the boundary be-
tween concrete and biofilm [14]. The boundary condition of the second kind characterizes the absence of a flow of
matter. The boundary condition of the fourth kind is characteristic for the case of equality of concentrations of the
transferred component (Ca(OH),) and mass flows at the phase boundary. In order to solve the boundary value prob-
lem for differential equations, the Laplace integral transformation method was used [15].

Discussion and results
As a result of mathematical modeling, a system of equations (1)—(8) was compiled.
aC, (x,1) 0°C, (x,1)

o =k, e ;o 1> 0; -0, <x<0. €))
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where Ci(x, T) — a concentration of the transferred component in the body of concrete, kg of CaO/kg of concrete;
Cy(x, 1) — a concentration of the transferred component in the biofilm, kg of CaO/kg of biomass; ki, — mass
conductivity ratios, m%/s; 8; — a concrete structure thickness, m; 8, — a biofilm thickness, m; Cio — an initial
concentration of the transferred component, kg of CaO/kg of concrete; C, — a initial concentration of the trans-
ferred component, kg of CaO/kg of biomass; peon, Poiom — concrete and biomass densities, kg/m®; ¢.(t) — a density
of the mass flow leaving the biofilm into the liquid flow, m is a Henry's equilibrium constant, kg of biofilm/kg

of concrete.

The previously published works of the authors [13; 16] describe in detail the process of solving this sys-
tem of differential equations. By replacing the functions of real variables with their images, that are connected
via the Laplace operator, a complex system of differential equations has been reduced to the simplest algebraic
operations. The solution of the system in general has taken the form:
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1+K,K,(3K, +3N + NK,K?)
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KN K) 6(1+ NK K;)

(11)
J={2,,Ecos[n, (1-8)]de (12)

tgp,, = Ny K tg(w, K, Ks), (13)

where Zi(x, Fon,) — a dimensionless concentration of the transferred component over the thickness of the concrete
structure; Z>(x, Fon) — a dimensionless concentration of the transferred component over the thickness of the bio-
film; X = x/8; — a dimensionless coordinate; Ky = k> / ki, Ks = 8, / 61, N — a ratio that considers the characteristics

of the phases; Fon = (kit) / 8, — the Fourier criterion; W, — the roots of the characteristic equation; Kij; —

the Kirpichev mass-exchange criterion.

During the vital activity of microorganisms, the biofilm density changes over time as a result of the
growth, reproduction and death of biota [17; 18]. This fact was considered in the mathematical model by intro-
ducing the ratio N = (Ppiomk2)/(Pconk1m).

The correctness of the proposed mathematical model was verified by conducting numerical experiments,
those results illustrate the influence of similarity criteria (Fourier, Kirpichev) on the dynamics of concrete bio-
degradation process (Figures 2 and 3). The calculated data obtained had a high similarity with the experimental
data received by the authors in earlier studies [15; 19].

Large gradients of the concentrations of the transferred component as a result of changes in the values of
the Kirpichev mass-exchange criterion are observed in Figure 2. Figure 3 shows the curves of changes in dimen-
sionless concentrations of the transferred component at different values of the Fourier mass transfer criterion.
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Figure 2. Profiles of dimensionless concentrations Figure 3. Profiles of dimensionless concentrations
of the transferred component over the thickness of the transferred component over the thickness
of concrete and biofilm at Kx =1, Ks=0.1, N=1; Fon =1 of concrete and biofilm at Kx =1, Ks=0.1, N=1, Kij; = 0.5
with different values Kij;: with different values Fom:
=-05;2=-1;3=-15;4=-2;5=-2.5;6=-3 1=0.5;2=1;3=15,4=2;5=2.5;6=3
Conclusion

The obtained solutions (9)—(13) provide for determining the concentration values of the transferred com-
ponent over the thickness of both the concrete structure and in the biofilm itself, at any time. At the same time,
the obtained relationships make it possible to predict the numerical value of the transferred component over the
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thickness of the concrete structure according to the available experimental data. The generality of the mathema-
tical model allows us to extend it to predict the durability of various types of concrete. Based on this, it becomes
possible to determine the residual life of building structures during operation in aggressive environments.
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