M3BECTH A BBICIINX YUYEBHBIX 3ABEJIEHUIA.
T 65 (7) Cepust «KXUMUA U XUMHNYECKASA TEXHOJIOTI' S » 2022

V 65 (7) ChemChemTech 2022

DOI: 10.6060/ivkkt.20226507.6606
VJK: 691.32:620.193:66.021.3

NCCJIENOBAHMS ®U3UKO-XUMUYECKUX TPOUHECCOB
B CUCTEME «IIEMEHTHBIN BETOH - ’KUIKASA ATPECCUBHAS CPE1A»

C.B. ®enocoB, B.E. Pymsinuesa, U.B. Kpacuibaukos, U.A. KpacuibHukoBa

Cepreii Bukroposuu ®enocos (ORCID 0000-0001-6117-7529)

Kadenpa CrpourensHoro martepuanoBeneHus, HanuoHanbHbBIN ucciemoBaTelnbckuii MOCKOBCKUE rocynap-
CTBEHHBII CTPOUTEIBHBIN YHHUBEPCUTET, SIpociaBckoe mocce, 26, MockBa, Poccuiickas ®@enepannsa 129337
TIOBOJIKCKHIT TOCYIAPCTBEHHbIH TEXHONOrHUeCK i yHuBepeutet, . Jlennna, 3, Momkap-Omna, Poccuiickas
Ddenepanust, 424000

E-mail: FedosovSV@mgsu.ru, fedosov-academic53@mail.ru

Bapsapa Esrennena Pymsaiiesa (ORCID 0000-0001-7226-4580)

Kadenpa EcrectBeHHBIX Hayk 1 TexHOCc(hepHOU Oe30macHoCTH, MIBAHOBCKHI TOCYNapCTBEHHBINM MTONMUTEXHUIECKAN
yauBepcutert, lllepemereBckuit mpoct., 21, UBanoBo, Poccuiickas ®@enepanus, 153000
Hayuno-uccnenoBarenbckuii MHCTUTYT cTpouTtensHoi ¢dusuku PAACH, JlokomoTtuBHBIH 11p., 21, MockBa,
Poccuiickas @enepanms 127238

Kadenpa EcrecTBeHHOHAYYHBIX AUCHUILINH, MBaHOBCKas moxapHo-cnacatesbHas akagemus ['TIC MUC
Poccun, mpocn. Ctpouteneit, 33, MIBanoBo, Poccuiickas ®@eneparus, 153000

E-mail: varrym@gmail.com

Urops Bukropouu Kpacuisankos (ORCID 0000-0003-3694-5906)*

LeHnTp Hay4HO-HCCIEOBATENLCKIX PA0OT M TEXHUYECKOHN IKCMepTU3bl, IBAaHOBCKHI TOCYAapCTBEHHBIN
MMOJINTeXHUYECKUIl yHuBepcuteT, lllepemereBckwmii mpoct., 21, BanoBo, Poccuiickas ®eneparmst, 153000
HayuHo-uccnenoBatensckuii MHCTUTYT cTpouTensHol pusuku PAACH, JlokomotuBHEIM mp., 21, Mocksa,
Poccuiickas ®enepanus 127238

E-mail: korasb@mail.ru*

Wpuna Anexcannpona Kpacuipaukoa (ORCID 0000-0002-4342-4255)

Kadenpa Xumun, Bnagumupckuii rocynapcrsentsiii yausepeuter uM. A.I'. u H.I'. CroneroBsix, yi. ['opekoro,
87, Bmagumup, Poccuiickas deneparwsi, 600000
E-mail: irinanebukina@rambler.ru

Paboma nocesauiena akmyanbHoll meme — U3yHeHUI0 YUUKO-XUMUYECKUX HPOUECCO8 NPU
IKCHTIyamayuu HHcene300emonnblx KOHCmMpYKuuil ¢ azpeccuenvix cpeoax. Ilpeocmaesnena evicokas
3HAYUMOCY 071 CMAOUTILHO20 CYU{ECHIB0B8ARUA MUHEPAI08 UEMEHMHO20 KAMHSA HATUYUSA HACLIU|CH-
HO20 pacmeopa ZUOpoKcuoa Kaaivyus 6 nopax demona. B cmamwve paccmompenst ocnoenvie memoonl
MAMEMAMUYECKO20 MOOETUPOBAHUSL, KOMOPbLE UCHOIABIYIOMCA 0711 ORUCAHUS PUIUKO-XUMUYECKUX
HPOUECCO8 MACCONEPEHOCA UENe6020 KOMNOHeHma (2udpokcuoa kanvyus). Ilokazana 603mozcuocmo
UCHOIb306AHUA MAMEMAMUYECKUX MOOeTell NPU ORUCAHUU HCUOKOCHHOU KOPPO3UU UeMeHMHbIX De-
MOHO08, OCONHCHEHHOU XUMUYECKUMU NPEPAUICHUAMU, 01 OnpedeneHus napamempos macconep-
HOca u pacuema cKOpocmu Koppo3uu 6emona 0o 3auumnozo cios apmamypeul. Ilonyuena mamema-
muuecKkas Mooenb MACCONEPEeHOCa Uene6o020 KOMHOHeHma 6 Oe3pazmephnvix nepemennvix. Ilpeono-
JHCEHO NPUMEHUMb KOMOUHUPOBAHHBLIL MEMOO MUKDPONDOUECCO8 0151 NOJIYUEHUSL YUC/ICHHO -AHAIUMU-
YeCK020 peleHUs KPpaeeoil 3a0aui HeCMAYUOHAPHO20 MACCONEPEHOCA, OCIOHCHEHHO20 XUMUYUECKUMU
npespauwjenuamu. Ilonyueno uucienno-ananumuueckoe pewienue HelUHeUHOU Kpaeeoil 3adauu ¢
HAYAIbHBIMU U 2DAHUYHBIMU YCTIOGUAMU HECHAYUOHAPHO20 MACCONEPEHOCA, NO360sAI0ULEe PACCHU-
mamo KOHUEHMPAUUU Ue1e6020 KOMHOHEHMA 8 MOJIuLe CIPOUMENbHOT KOHCIMPYKUUU U3 Oemona uiu
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Jicene300emona Ha YeMEHMHOM GNCYULEM, A MAKIHCE NO360JIACH ONPEOCTUmb 3HAYEHUE ZPAduenma
KOHUenmpauuil na zpanuye pasoena as zemepozennoii cucmemsl «bemon - yncuokaa azpeccugHnasn
cpeoay. Tlpeocmaesnennoe pewenue 3a0auu n0360J18em onpedeums pacnpedeieHue KOHyeHmpayuu
Uene6o20 KOMHOHEHMA 8 110001 UHMEPECYIOUWUTI MOMEHM IKCRIIYAMAUUU CHPOUMETbHOI KOHCMPYK-
UUU, BPEMEHHbIE NPOUECCHl 00CIMUNCCHUSA ONACHO20 COOEPIHCAHUS ZUOPOKCUOA KATbUUA, HAXOO0sAUe-
205 6 NHOPAX UEMEHMHO20 Demona, 00 HAYAA PAZI0HCEHUS KOMIOHEHNO08 6bICOKOOCHOBHBIX COeOU-
HeHuill (anuma, 6euma, MPeXKAaIbUUEEO20 AIIOMUHAMA, YEMbIPEXKAIbYUEE020 ANOMUHAMA) U, CTle-
0oeamesnbHO, nepelimu K 0a1bHeliuiuM IMANAM U3YUEHUA U MOOEIUPOBAHUA KOPPO3ZUOHHBIX HPOUeC-
c06. Umoovl npooeMoHCMPUPosams 603MONCHOCIU NOJIYHEHHO20 PeUleHUsl, NPO8eOeH YUCTIeHHBLIL
IKCHEpUMEHm: NOKA3AHO UIMEHeHUe NoJiell 0e3pa3zmMepHbIX KOHWEHMPAWUl npu pasnblX 3HAYEHUAX
Maccoodmennozo Kpumepus noooous Qypve, KOMOpPwLIL 6 COOMBEMCMEUU C Meopuelt NOOOOUsA A6A-
emcsa nokasamesnem epemeHu npoyecca.

KiioueBble cioBa: JOJITOBEYHOCTH, MAaCCONEPEHOC C XMUMHUYCCKMMHU NPEBpAlICHUAMA, arp€CCUBHasA

cpena, 3alMTHBINA CII0i, 6eTOH, apMaTypa, Mo KOHLEHTpaui
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This article is devoted to an urgent topic - the study of physico-chemical processes during
the operation of reinforced concrete structures in aggressive environments. The high importance
of calcium hydroxide in the solution of concrete pores is presented, since it is necessary to maintain
the stable existence of cement stone minerals. The paper consideres the basic methods of mathe-
matical modeling that are used to describe the physico-chemical processes of the mass transfer of
target component (calcium hydroxide). The possibility of using mathematical models in describing
the corrosion of the second stage of cement concretes to determine the mass transfer indicators and
calculate the corrosion rate of reinforcing steel and concrete is shown. The mathematical model of
mass transfer of target component in dimensionless variabl s was obtained. To obtain a numerical
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analytic solution of the boundary value problem of non-stationary mass transfer, it is proposed to
apply a combined method microprocess. The numerical-analytical solution of the nonlinear initial-
boundary value problem of non-stationary mass transfer is obtained, which allows to calculate
concentrations of target component in the thickness of a building structure made of concrete or
reinforced concrete of cementitious binder but also makes it possible to determine the value of the
gradient concentrations of at the interface of phases heterogeneous system «concrete - liquid ag-
gressive environment». The obtained solution allows determining concentration distribution of the
target component at any moment of interest in the operation of the building structure, the time
processes of reaching the dangerous content of calcium hydroxide located in the preparation pores
of to the beginning of decomposition of highly basic compound components (alite, belite, tricalcium
aluminate, four-calcium aluminate), and hence moving on to the further stages of study and mod-
eling of corrosion processes. To demonstrate the possibilities of the obtained solution, we will carry
out a numerical experiment. It was shown how the field of dimensionless concentrations changes
at different values of the Fourier similarity criterion, which in accordance with the theory of simi-

larity is an indicator of the process time.

Key words: durability, mass transfer with chemical transformations, aggressive environment, protective

layer, concrete, reinforcement, concentration fields
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INTRODUCTION

Concrete and reimposition concrete is the most
significant common buildings material for the manu-
facture of structural elements of buildings and structures.

During operation, majority buildings struc-
tures is exposed to the aggressive environment, which
promotes a variety of corrosion processes. Corrosion
of concrete is a complex structural, mass transfer,
physical and chemical processes, which leads change
in identity, strength retrogression, to the destruction of
the buildings structures. Corrosion and destruction of
concrete can cause [1]:

- water (river, sea, industrial and domestic
wastewater);

- periodically and repeatedly repeated temperature
fluctuations (annual and daily), alternating freezing
and thawing, heating and cooling;

- humidification and drying processes (fluctuations
in atmospheric humidity, specific service conditions);

- mechanical effects - wave impacts, weathering,
abrasion;

- biologically harmful effects of bacteria.

Very important to define and organize the
causes of corrosion of building materials, to identify
the factors that affect this diversiform process, to dif-
ferentiate the physicochemical phenomena of mass
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transfer in concrete and reinforced concrete under the
attack of different aggressive environments, determine
the parameters necessary for the development of phys-
ical and mathematical models, determine the effective-
ness of the prescribed corrosion protection.

RELEVANCE

All minerals in concrete of cementitious binder
maintain stable existence only in solutions of calcium
hydroxide of a not less certain concentration, close to
the concentration of the saturated solution [2]. The
concentrations of calcium hydroxide capable of main-
taining the stable existence of cement stone minerals
on a binder made of simple Portland cement are shown
in Table.

In this case, the following processes occur sim-
ultaneously and mutually affect each other:

- diffusion (from a high-content zone to a lower-
content zone) of calcium hydroxide molecules con-
tained in the pores of cement stone through the through
pores of concrete to the constructions surface in con-
tact with a liquid aggressive environment;

- the transition of calcium hydroxide molecules
across the phase interface, with their further flow in the
liquid environment of operation and chemical reac-
tions in the same environment;

- molecules of other compounds dissolved in water
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penetrate through the phase interface into the concrete
body;

- there is a diffusion of molecules of aggressive sub-
stances from the phase interface through the through
pores of concrete into the depth of the structure;

- in the pores of concrete, the chemical interaction
of calcium hydroxide with aggressive substances that
have penetrated into the body of the structure from the
external environment occurs, while the content of sub-
stances entering into chemical reactions decreases, and
the reaction products increase.

Table
Chemical mineralogical composition of concrete on a
cement binder and the equilibrium concentrations of
calcium hydroxide at which this compounds exists
Tabauya. XuMMKo-MHHePAJIOrHYeCKHUii cocTaB 0eTOHA
Ha HEMEHTHOM BSIXKYIII€EM U PAaBHOBECHBIEC KOHIIEHTpPa-
VU THAPOKCUAA KAJbIMSA

Calcium hy-
e per- o euired
Highly basic centage of |, q
. - in stable ex-
compounds | Chemical formula | this com- | .
.| istence, g/l
of concrete poundin | .
(in terms of
concrete .
calcium
oxide)
Alite (trical- A
ciumsilicate) 3Ca0-Si02:3H,0 | 37...60 1.10
Belite (dical-| .10, 2H,0 | 15..37 | 1.29
cium silicate)
Monocalcium . >gi0,- 1,0 | 2...5 0.05
silicate
Tetracalcium
AIuminate 4CaO A]203 12H20 0,1...4 1.08
Tricalcium
Aluminate 3Ca0-AlL,03:6H,O| 7...15 0.56
Dicalcium
aluminate 2Ca0-Al,03-7H,0 | 0.1...4 0.36
Hydrated
tetracalcium 4Ca0-Fe03 1...8 1.06
ferrite
Hydroferrites| CaO-Fe;O3-H,O | 0.5...6 0.64

The listed physico-chemical processes, the
content of calcium hydroxide in the solution of con-
crete pores changes, which violates the chemical equi-
librium between the pore fluid and the components of
cement stone (highly basic compounds). After that,
highly basic compounds undergo stepwise decomposi-
tion, which leads to a loss of strength and, as a conse-
quence, to the destruction of building structure [2, 3].
Professor Moskvin V.M. conducted many experiments
and established some relationship between the strength
of concrete on a cement binder and the decrease in the
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number of "free calcium hydroxide" in the solution of
pores concrete [2]. A decrease in the concentration of
"free calcium hydroxide™" 30% of the original located
in the pores of concrete from cement binder causes a
decrease in strength by 60...70%.

In the case of corrosion of reinforced concrete
structures, the reinforcement of reinforced concrete is
kept for a long time under the protection of a rust pre-
ventative protective coating of concrete. Over time,
particles of aggressive environmental conditions dif-
fuse to the surface of reinforcing bars through the pores
of concrete, and due to structural defects, that are
formed when concrete is destroyed during corrosion.
Reinforcement corrosion is enhanced by the formation
of microcracks in concrete or its partial collapse [3].

PROBLEM STATEMENT

Scientists have accumulated a large amount of
scientific data on destructive processes occurring in re-
inforced concrete structures under the influence of the
environment of a particular composition: the basic
schemes of chemical reactions, their physico-chemical
parameters are established and described; empirical,
rheological and phenomenological dependences of
some types of corrosion are given; a system of regula-
tory documents on corrosion control is created and ac-
tively modified.

The accumulated results of experimental and
field studies allow us to generalize this information
into a general methodology for predicting the life cycle
of building structures in the form of mathematical
models that will help to calculate changes in the design
characteristics of concrete and reinforced concrete
structures with a certain accuracy.

Mathematical modeling methods for calcula-
tions of corrosive mass transfer processes during the
operation of building structures have not yet been
widely implemented in real engineering calculations,
although their advantages over class methods for de-
termining the durability of structures are obvious [4-7].
In addition, the use of mathematical models determines
the effectiveness of primary and secondary corrosion
protection of building materials and structures.

The diversification of mathematical models
will allow only a broad understanding of the physical
and chemical mechanisms of corrosion processes in the
material of the structural element. To ensure reproduc-
ibility of the implemented mathematical dependencies,
a large amount of experimental data is needed showing
the actual influence of various factors on the statics,
dynamics and kinetics of processes, as well as verifi-
cation of the reliability of the forecasting methodology
on real construction sites.
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The biased view of statics, kinetics and dy-
namics of mass transfer processes during concrete and
reinforced concrete corrosion allows: to determine crit-
ical operating conditions for provoking mass exchange
processes in the body of a building structure; to evalu-
ate the effectiveness of methods for slowing down (ac-
celerating) destructive processes; to develop physical
and mathematical models of corrosion processes of re-
inforced concrete structures of buildings and structures
in various environments; to calculate the durability of
concrete and reinforced concrete building structures.

The question of the durability of concrete,
metal, reinforced concrete, stone and wooden struc-
tures subject to corrosion should be considered not
only from the point of view of the aggressive effects of
a substance, but depending on the qualitative cumula-
tive and quantitative effects of all those factors that can
cause the destruction of the system.

It is possible to predict changes in the struc-
ture, physical, mechanical and chemical properties of
materials of building structures, especially those made
of concrete and reinforced concrete, using the theory
of heat and mass transfer. Heat and mass transfer pro-
cesses are one of the most important branches of modern
science and are of great practical importance in [15, 16].

The current level of development of the the-
ory of heat and mass transfer and computer technol-
ogy allows us to solve complex physical and mathe-
matical problems modeling the transfer processes oc-
curring in building structures during their construc-
tion and operation. These processes determine the life
cycle of the design.

The theoretical hypothesis for the diversifica-
tion of mathematical models in this direction is the the-
ory of heat and mass transfer and its expressions in the
form of a system of partial differential equations ana-
Iytically characterizing describing non-stationary in-
terrelated phenomena of heat, mass and inflation trans-
fer in solid capillary-porous bodies characterizing the
transfer of substance at the boundaries of bodies with
their surrounding gas (liquid) medium, obtained by
academician A.V. Lykov [8, 9].

RESULTS OF THEORETICAL RESEARCH

According to the theory of mass transfer of
academician Lykov A.V. [8, 9], in general, for corro-
sion heterogeneous system of the, diffusion of various
substances (calcium hydroxide, aggressive substances)
in the porous structure of concrete, which is a capillary-
porous solid, is described by a nonlinear differential
equation of mass conductivity of the second order:

6Cé>;,r) = div[k(x,r)gradC(x,r)]+M, 1)

con
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where: k(x,7) is mass conductivity (diffusion) coeffi-
cient the test substance in the capillary-porous solid,
m?/s; C(x,7) is the concentration of portable component
("free calcium hydroxide" located in the pores in con-
crete of cementitious binder) at the time z at any point
with the coordinate x, kg portable component /kg con-
crete; qv(x,z) is the power of additional volumetric re-
lease (collection) of mass because of chemical reactions
or phase transformations, kg portable component /(m*s);
peon — CONCrete true specific gravity, kg/m?.

Many building structures, or their fragments,
in general, can be represented in the form by an unlim-
ited plate of thickness 6. The concrete of such struc-
tures will correspond to certain physical properties (hu-
midity, true specific gravity p, porosity € and mass con-
ductivity coefficient k, other). The pores of concrete
contain saturated calcium hydroxide solution, the con-
centration of which at the initial time of the operation
of the structure is assumed to be steady, and then, in
light of to the influence of the aggressive environment,
it changes with time and takes an uneven appearance
[10, 11].

Surrounding the building structure liquid ag-
gressive environment with salts and acids , the concen-
tration of which generally changes in time Ciiq(7) (kg of
the agressive component/kg of the liquid) (Fig. 1). The
intensity of the transfer of the substances (("free cal-
cium hydroxide" located in the pores in concrete of ce-
mentitious binder or an aggressive component) is char-
acterized by the mass current density of particles of this
substances g(z) (kg portable component/(m?-s)).

As soon as the liquid begins to come into con-
tact with the concrete of the building structure, mass
transfer processes will start, complicated by chemical
reactions between calcium hydroxide dissolved in the
liquid pores of concrete and aggressive components
(solutions of salts and acids). The action of salts and
acids is most often reduced to their reaction with cal-
cium hydroxide, calcium hydrosilicates, etc. As a re-
sult, easily soluble salts are formed, which are washed
out of the concrete body. Here are some examples of
such reactions:

Ca(OH)2 + H2CO3 — CaCOs|+2H20, (2)
Ca(OH)2 + 2HCI — CaClz + 2H20, 3)
Ca(OH)z + MgClz — CaCl2 + Mg(OH)z/(4)
Ca(OH)z + MgSOs4 + 2H20 —

— CaS042H:20 + 2Mg(OH)2| + 8H20 5)

This process is accompanied by mutual diffu-
sion through the through pores of concrete. Calcium
hydroxide moves from the inner layers to the boundary
of the interaction of concrete with a aggressive envi-
ronment, and aggressive components from the liquid
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phase diffuses into the solid, while entering into a in-
teracting with calcium hydroxide [12, 13]. After some
time intervals 1 and 12 (12 > 11), along the thickness of
the structure, fields of concentrations of calcium hy-
droxide and an aggressive component are formed can
be schematically illustrated by Fig. 1. Here: Cca(oH).
(x,7) is concentration recoverable substance from the
capillary-porous body (calcium hydroxide of con-
crete), Cag(x,7) is concentration of absorbed (aggres-
sive) substance in concrete [14].

C(x,7)

Ceaom*72)
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Fig. 1. System "steel reinforcement — concrete — aggressive envi-
ronment". | — steel reinforcement; Il — concrete; 111 — aggressive
environment; IV - protective coating
Puc. 1. Cucrema «apmarypa — 6eTOH — arpeccuBHas cpenay». | —apma-
Typa; |1 — 6eron; Il — arpeccuBHas cpena; IV — 3amutHsli cinoit

For the considered system "concrete — liquid
aggressive environment™ the mass transfer problem for
calcium hydroxide, complicated by chemical and
phase transformations, can be written as the following
equations [2, 8, 12, 15]:

oC(x,7) _, 0°Clx7) , 4,(x7)

7>00<x<4, (6)

or ox? o
C(x,7),_, =Co(x), )
8C(X,z‘) 0 @®)
oX x=0 ,
. oC(sz)_
k pcon 6)( - qf (T) (9)

Here: x is arbitrary coordinate, m; Co(X) is con-
centration of portable component (“free calcium hy-
droxide™ located in the pores in concrete of cementi-
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tious binder) located in the pores in concrete of ce-
mentitious binder at the initial time in any point with
coordinate x, in terms of calcium oxide, kg portable
component/kg concrete; k is coefficient of mass con-
ductivity calcium portable component in the concret,
m?/s; tistime, s; ¢ is wall thickness of the structure, m.

The formula (6) is the differential equation of
non-stationary mass transfer in the body of a reinforced
concrete structure. Equation (6) is a partial differential
equation of parabolic type. In general, the additional
volumetric release (collection) of mass is a quantity
distributed along a coordinate according to an given by
a mathematical function.

The equation (7) defines the initial condition
of the process: the distribution of calcium hydroxide
concentrations at the time instant taken as the initial
one. The third and fourth expressions define the condi-
tions at the interface.

The equation (8), also called the "non-penetra-
tion condition”, determines the fact that calcium hy-
droxide does not diffuse into the liquid medium from
the concrete mass.

The formula (9) is Newmann's boundary con-
dition (a condition of the second type), shows that at
the boundary of the heterogeneous System «concrete —
liquid aggressive environment» there is a mass transfer
between the solid and liquid phases.

For to reduce the number of arguments, the
convenience of mathematical operations and analysis
of statics, kinetics and dynamics of mass transfer pro-
cesses, We give expressions (6)-(9) into a dimension-
less form, introducing a dimensionless concentration
and similaritys criterions of the form [2, 8]:

Q(X,Fom)z—c(x’r)_co , Fo,, :k—z
C, 5
2
. . i -0
pot = %0y 9 (10)
k'Co'pcon k'co'pcon

Here: 6(X,Fo, ) — dimensionless concentra-

tion of portable component located in the pores in con-
crete; Fom — Fourier mass transfer similarity criterion;
Po"m — modified Pomerantsev mass transfer similarity
criterion; Ki"m— modified Kirpichev mass transfer sim-
ilarity criterion.

Finally, the boundary value problem of mass
conductivity of portable component located in the
pores in dimensionless variables has the form:

00(x,Fo,) 0°6(x,Fo,,)
oFo, X
6(x,Fo, )

+Po,,(X), Fo, >0 0<x<1 (11)

(%)

Fom=0

(12)

o
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o6(x,Fo,,)

o oml =0

K | (13)

_00(%.Fo,) i (14)
ox ey T

Due to the rapid development of software de-
velopment tools, numerical technique allowing to re-
place the original mathematical problem (the solution
of partial differential equations) with another problem
— a computational algorithm. The use of numerical
simulations techniques often allows to reduce the dif-
ficult task nonlinear problem to a less expensive linear
one. If we divide the sophisticated modeled process
into n oversimplified microprocesses. Within micro-
processes of which all parameters can be considered
constant, then the nonlinear problem decomposes into
many n linear problems [7]. To obtain a numerical an-
alytic solution to the boundary value problem of non-
stationary mass transfer, it is proposed to apply a com-
bined method microprocess, which consists in the fact
that the simulated process is divided into small time in-
tervals (microprocesses), at the fo each microprocess
athe concentration distribution is calculated analyti-
cally, and then the whole process is collaborate up to a
general mathematical model of non-stationary mass
transfer. It should be noted that the microprocessor
method allows you to get good results if the integral
Laplace transform is applied when solving a system
of differential equations. In addition, in the field of
Laplace images, it is often possible to obtain a solu-
tion in two forms: with small and large Fourier simi-
larity criteria [4]. This is due to the fact that in the
region of large Fourier similarity criterion, the results
are quite accurate when using only the first few terms
of the series [8].

The general solution of problem (11)-(14)
when Fom << 0,1 has the form:

MKF%J:Kﬁaiﬂmﬁ{aiﬂ}—

2,/Fo,
— o\
— 2K|:1 % exp|:_ M:| +
\ = 4Fo,,

1 ¢ C[xx+g)
+ ﬂFOml%(f)eXp{ T }dgw

(15)

fo e @Ex+E)
+2,/Fo, ! POm(f)lel‘f{ 2\/F_0m d&
Expression (15) allows us to calculate the con-
centration field of both the target component and ag-
gressive substances by the thickness of a concrete or
reinforced concrete building structure at any time inthe
range of the Fourier mass transfer similarity criterion —
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exchange number 0...0.01. But also makes it possible
to determine the value of the gradient target component
(“free calcium hydroxide" this at the phases heteroge-
neous system «concrete — liquid aggressive environ-
ment» [2]. This decision is fair for the initial stage of
corrosion, with a low-intensity mass transfer process,
for example, either with small values of the mass con-
ductivity coefficient, or with a large thickness of the
calculated building structure.

RESULTS OF NUMERICAL EXPERIMENTS

Some results of calculations based on the ob-
tained expression are shown in Fig. 2, 3 and 4.

The curves in Fig. 2 illustrate the influence of
the power of additional volumetric release (collection)
of mass because of chemical reactions or phase trans-
formations on the profiles of dimensionless concentra-
tions calcium hydroxide over the thickness of the struc-
ture, manufactured from cement concrete, depending
on the modified Pomerantsev mass transfer similarity
criterion. The greatest decrease in concentrations is
recorded in the boundary layers interacting with the
liquid aggressive environment.

As follows from Fig. 2, in the processes under
study, it is necessary to study in more detail the Kinetics
of concentration changes in layers close to the liquid
aggressive environment. For this purpose, Kinetic
curves of the dimensionless concentration change at
the phase interface (Fig. 3) and at the boundary of the
protective layer of steel reinforcement (Fig. 4) are ad-
ditionally constructed. It is obvious that in the case of
a positive additional volumetric release of mass, the
concentration of the target component increases as it
approaches the phase boundary, with a negative addi-
tional volumetric release of mass (calcium hydroxide
loss due to chemical reaction), there is a more intensive
mass transfer of the substance to the aggressive envi-
ronment as a reaction product.

0(X, Fo
(0—,5 ”‘)0,6 07 08 09 1
0 :

T 1 Y

5

0,05 A A

0.1 - 3

0,15 A )
-0.2 1

0, .
0,25 -

Fig. 2. Influence of the additional volumetric mass source (Pom*) on
the profiles of dimensionless concentrations Fom = 0.01; Kim* = 1; at
Pom* =1-(-10); 2—(-5); 3-0; 4-5;5- 10
Puc. 2. Bmusiane o6beMHOT0 ncTOTHMKA Macchl (Pom™) Ha mpo-
¢um 6e3pazmepHbIx koHueHTpaiwit Fom = 0,01; Kim* = 1; npu
Pom*=1-(-10); 2—(-5); 3-0; 4-5;5- 10
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Fig. 3. Kinetic curves of changes in dimensionless concentrations on the
concrete surface. Fom = 0.01; Kim* = 1; at Pom* = 1— (-10); 2— (-5);
3-0;4-5;5-10
Puc. 3. Kunerudeckue KpuBble U3MEHEHHs Oe3pa3MepHbIX KOH-
HeHTpalyii Ha moBepxHoctu 6eToHa. Fom = 0,01; Kim* = 1; npu
Pom* =1-(-10); 2—(-5); 3—0;4-5;5-10
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0,05 | /5
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Fig. 4. Kinetic curves of changes in dimensionless concentrations
at the boundary of the protective coating of steel reinforcement.
Fom=0.01; Kim * = 1; at Pom* = 1— (-10); 2— (-5); 3—-0; 4—5;5- 10
Puc. 4. Kunernueckue KpuBble H3MEHEHUsI O€3pa3MepHBIX KOH-
HEHTpaIHii Ha TPAHUIIE 3alUTHOTO cJI0s apMatypsl. Fom = 0,01;
Kim* = 1; mpu Pom* =1 — (-10); 2—(-5); 3-0;4-5;5-10

DISCUSSION

To solve the problem of protecting a reinforced
concrete structure from the aggressive effects of the en-
vironment, it is necessary to use the obtained expres-
sion to solve the “inverse problem of non-stationary
mass transfer” in order to find conditions under which
the processes of mass transfer would be carried out
with a minimum leaching rate. It is possible to control
this process by influencing the structure of the concrete
in the structure. Obviously, the time parameter is the
Fourier mass transfer criterion. It is also obvious that
the time 7 is included in the exponential function,
which is a factor in each term of the Fourier series.

Therefore, the solution of the “inverse mass
transfer problem” is possible only with the use of the
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iteration method. Analysis of the solution also makes
it possible to determine the duration of the service life
of a reinforced concrete structure, which is determined
by the processes occurring at the interface: in concrete —
mass conductivity (k), and in the liquid phase — mass
transfer (). The first depends on the structural and me-
chanical characteristics of the reinforced concrete
structure; the second — on the conditions of interaction
at the phase boundary. All this determines the direc-
tions of scientific research of researchers. The main
difficulty of applying solution (15) in engineering cal-
culations is to determine the numerical value of the ad-
ditional volumetric release (collection) mass source.
The mathematical function of the the additional volu-
metric release (collection) mass source is mainly de-
termined by the distribution of reagent concentra-
tions and the laws of chemical kinetics, taking into
account, among other things, the differences in intra-
pore pressure.

CONCLUSION

The developed algorithm for physical and
mathematical modeling of mass transfer in the pro-
cesses of liquid corrosion of concrete, taking into ac-
count the chemical effect of a liquid aggressive envi-
ronment at the level of phenomenological equations,
with non-uniform and non-stationary initial and
boundary conditions, for small values of the similarity
criterion will allow us to calculate the concentration of
the transferred target component (“free calcium hy-
droxide™ located in the pores) in the thickness of the
structure. A mathematical model based on the theory
of mass transfer, when using the combined method of
microprocesses, makes it possible to determine the av-
erage one at the thickness and volume of the structure,
and also allows to determine the time of reaching on
the concrete structure surface critical content calcium
hydroxide located in the pores leading to the beginning
of decomposition of cement concrete highly basic
compounds. This decision is fair for the initial stage of
corrosion, with a low-intensity mass transfer process,
for example, either with small values of the mass con-
ductivity coefficient, or with a large thickness of the
calculated building structure.

The authors declare the absence a conflict of
interest warranting disclosure in this article.
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