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PREDICTING THE DURABILITY OF CONCRETE STRUCTURES
WITH REGARD TO MASS TRANSFER
AND PORE COLMATATIONS DURING CORROSION

Abstract. The object of research is the corrosion process of destruction of concrete and
reinforced concrete structures in aggressive media. The purpose of the investigation is to establish a
set of relationships and ratio between the characteristics of this process and various external and
internal factors that affect the growth of corrosion. To solve the tasks set on the basis of the obtained
experimental data, the method of mathematical modeling of corrosion processes was applied. The
theories of physical and chemical transformations and heat and mass transfer laws suggest that
different stages of corrosion can be simulated by differential equations of interrelated heat and mass
transfer with boundary conditions. They are defined by arbitrary functions of initial transfer potentials
and nonlinear boundary conditions of all known types. The possibilities of developed physical and
mathematical models of mass transfer in the processes of studying corrosion of various types are
demonstrated. They allow to evaluate the concentration of the transported component throughout the
thickness of the concrete structure and in the biofilm itself at any time, as well as the concentration of
"free” calcium hydroxide in the liquid phase. As a result, it is succeeded to predict the durability and
reliability of concrete structures with a minimum error. The proposed author's model of the destruction
of cement concretes, taking into account the colmatation of pores and capillaries, ensures the adequacy
of judgments about the kinetics of mass transfer processes during corrosion of the 11 type.
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INPOIrHO3UPOBAHHUE JOJT'OBEYHOCTH BETOHHBIX
KOHCTPYKIHUHU C YHETOM MACCOIIEPEHOCA
N KOJIbMATALIIMM ITIOP ITP KOPPO3UN

Annomayun. OO0veKmom uUCCIe008aAHUA S6TEMC KOPPOZUOHHBLL NpoYecc pas3pyuleHus
OEmMOHHbIX U JiCee300eMOHHbIX KOHCMPYKYUUL 6 aepeccusnvlx cpedax. ILlenv uccrnedoganus —
YCMaHoGieHue COBOKYRHOCIU COOMHOUEHUN U 83AUMOCEA3U XAPAKMEPUCMUK YKAZAHHO20 NPOYecca ¢
PDABTUYHBIMU  GHEWHUMU U GHYMPEHHUMU QAaKmopamu, elusiowumMy Ha paseumue xopposuu. /s
pewenus NOCMABIeHHbIX 3a0ay HA OCHOBAHUU NOJIYYEHHBIX IKCNEPUMEHMAbHBIX OAHHBIX NPUMEHSILCS
MEMOO MameMamu4eckozo MoO0eIupo8anusi Koppo3uonHsix npoyeccos. C nozuyuu meoputl usuxo-
XUMUYECKUX NPEEPAWEHUL] U MENTOMACCOOOMEHHBIX 3AKOHOMEPHOCIEN, PA3IUYHbIE CIAOUU KOPPO3UU
mozym MOOenUPO8AMbCs oupepenyuanvrvimu VPagHeHUusMU 63AUMOCEAZAHHO0
MENIOMACCONEPeHoca ¢ KpaesviMu yciosusmu. X Xxapaxmepusylom npou3goNbHvle QyHKYuU
HAYATbHBIX NOMEHYUANI08 NEPEeHOCd U HeNUHelnble SPAHUYHbIE VCIO0GUSL 6CeX U3BECHIHbIX MUNOE.
IIpooemoncmpuposanvl  803MONCHOCMU — PA3PADOMANHHBIX  PUBUKO-MAMEMAMUYECKUX — Mooenell
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MACCOnEpeHoca 8 NPoYeccax usydeHus KOppo3uu pAa3iudnuix 6udos. OHuU NO360M5I0M  OYSHUMDb
KOHYEHMPAYuy NepeHocuMo20 KOMNOHEHMA HO MOMWuHe OemOHHOU KOHCMPYKYUU U 6 CAMou
buonnenke 8 1000 MOMEHM 6PEMEHU, A MAKICe KOHYSHMPAyUu «C60000H020» 2UOPOKCUOA KATbYUSL 8
Jicudkoll gase. B pezynbmame yoaemcsi npocHO3UPOSAMs 001208€UHOCHb U HAOEHCHOCTNL OCMOHHBIX
KOHCMPYKYULL ¢ MUHUMATbHOU nozpewrocmylo. [lpednazaemas asmopckas Mmooeib paspyulenus
YeMeHmublX OemoHO8 C YYemoMm KOLbMAMAayuu nop u KANUIspos obecneuusdaem adeKeamHoChb
CYACOCHULL O KUHEMUKE MACCOOOMEHHBIX RPOYECCO8 NPU KOPPO3UlU 8Mopo20 6Udd.

Knrouesvie cnosa: Koppo3us, mamemamuydeckas MO()eﬂb, nopucmele U Henopucmole
Mamepuaiiel, KO1bMamayusi.

Introduction.

The concept of "corrosion” came from the depths of time and by the 20th century was finally
defined as "the process of spontaneous destruction of metals and alloys under the influence of
aggressive environmental factors" [1, 2]. Historically, the term came into use with the wide spread
of metals and their use for peaceful purposes (kitchenware, jewelry) and military purposes
(weapons).

The acquisition and comprehension of the results of worldwide studies on metal corrosion
helped the scientists identify the causes and driving forces behind this destructive phenomenon. In
addition, various classification attributes of corrosion processes have been defined [3]:

— according to the type of aggressive media: gas; atmospheric; underground; corrosion in
non-electrolytes (in liquid media); corrosion in electrolytes; biological corrosion; corrosion by stray
currents;

— by the conditions of the corrosion process: contact corrosion; crevice corrosion; corrosion
by incomplete immersion; corrosion at full immersion; friction corrosion; intergranular corrosion;
stress corrosion;

— by the nature of the destruction: solid corrosion; uniform corrosion; irregular corrosion;
selective, local (spots, ulcers), pitting, through; intergranular (delaminating — in deformed blanks,
stabbing - in welded joints).

The mechanisms of corrosion processes course and development are theoretically possible:
in non-porous materials; in porous materials.

In practice, corrosion failure of materials occurs everywhere (figure 1).

Figure 1 — Corrosion destruction of building structures.

The substance (solid phase) is a dense homogeneous non-porous medium. Its typical
representatives are metals. It is assumed that the metal structure is free of cracks and ulcers and that
the metal product itself is in a continuous medium (gas or liquid). At the initial moment of time
(t =0), in this environment, a component A appears. It is aggressive in relation to the metal. Let us
denote the Concentration of this component as Ca". In general, the numerical value of this quantity
is a function of time (figure 2). Free-convective flows of a continuous medium always exist near the
surface of a solid body [4, 5]. This creates a boundary layer, the magnitude of which is represented
by A in figure 2.

There is an interaction [6] at the interfacial boundary (1):
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4Fe +30, = 2Fe,0, Q)
The primary task of mathematical analysis of corrosion processes is to take into account the
kinetic features and dynamics of mass transfer of an aggressive component through a boundary
layer of a continuous medium. As the thickness of the reaction product (rust) layer increases, the
influence of diffusion of the aggressive reagent through it becomes increasingly important. This
process is shown schematically in figure 2, a and b.
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Figure 2 - Corrosion processes in a non-porous substance:
1" - a chemical reaction begins to take place on the surface; 1°, 2" - corrosion product areas at time i;
2', 3" - corrosion product areas at time z2; 1-3 - concentration curves.

The issues of corrosion destruction of concretes were considered in details by Prof.
V.M. Moskvin and co-authors, as shown in [6]. As a result of the research, the corrosion processes
occurring in concretes were divided into three main types: corrosion of the washoutcorrosion
(I type); carbon dioxide, salt corrosion (Il type); sulfate corrosion, etc. (111 type).

Taking into account how broad the classification is, it is advisable to use methods of
mathematical modeling for a comprehensive study of corrosion processes taking place. In our
opinion, they can be used at each stage of changing the state of the environment leading to material
failure.

The theoretical basis for mathematical modeling of the kinetic regularities of chemical
reactions proceeding during corrosion damage are the fundamental physical and chemical laws.

Various methods of mathematical modeling based on mass transfer equations are used to
describe the nature of corrosion. That said:

— simple mathematical approxi-mations of experimental results.

— complex models are represented as elementary processes, each of which is described by
differential equations.

An essential contribution to development of theory and construction of mathematical models
of processes of corrosion was made by Corresponding Member of the Russian Academy of
Sciences B.V. Gusev and his colleagues [6].

The most well-known approach is the mathematical modeling of corrosion damage by
representing the process investigated as a complex of separate stages occurring in space and time,
taking into ac-count the kinetics of chemical reactions, mass transfer processes and phase transfers.
The rate of each stage is expressed by phenomenological equations. Modeling based on these
equations allows simple calculations of the required coefficients.

The application of the theory of mathematical modeling in solving such problems makes it
possible to obtain dimensionless complexes that most accurately express the chemical and physical
essence of the phenomena under study. In this case, the corrosion process is considered to be quasi-
stationary, i.e. along the coordinate and time intervals, the process is considered as an equilibrium
one [7].
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Any mathematical model must satisfy the principle of universality and adequacy, since only
in this case it can be applied to solve practical problems. A universal mathematical model should be
based on generalized equations describing processes in the most general case.

In this regard, the aim of the study is to establish a set of relations linking the properties of
the corrosion process with various external and internal factors affecting the development of
corrosion. To achieve this goal, it is necessary to solve the following tasks:

— create mathematical models of various types of corrosion damage in order to compare and
determine the parameters of mass transfer to predict the durability of materials in aggressive
opeaing environments;

— determine the time to reach the critical value of Ca(OH). concentration, at which the
decomposi-tion of highly basic compounds will begin;

—to propose an engineering method for predicting corrosion damage in various industries.

Methods.

In this study, we used a method of creating a mathematical model of corrosion mass transfer
based on a system of differential equations including the molecular diffusion equation, which is
supplemented by initial and boundary conditions. When using the zone calculation method, the
entire process is divided into N elementary microprocesses. Each of them implies constant mass
conductivity factors. Thus, the nonlinear mass transfer problem is reduced to a set of N linear
problems. The mass conductivity factors and external mass yield were calculated based on the
obtained data. The solution of the system made it possible to complete the picture of the substance
distribution over time and to present an analysis of the kinetics and dynamics of the processes. In
order to verify the described mathematical models of various corrosion processes, a number of
experimental studies were carried out using the following method. The objects of corrosion
resistance study were cubes with a facet of 0.03 m, made of Portland cement of the CEM | 42.5 N
class with a water-cement ratio W/C = 0.3. The system under study was composed of 1x3x3 cm
plates tightly fitted to each other (figure 3).

Ca(OH),

Figure 3 — Experimental sample for corrosion resistance.

After 28-day preliminary hardening, the samples were immersed in an aqueous medium.
Five surfaces of the system under study were isolated; only one surface remained open for
interaction with an aggressive environment. After certain time intervals, the samples were taken out
of the container and the content of Ca?* ions was determined in each of the plate elements, as a
result, the concentration distribution curves along the coordinate were plotted.

Results and Discussion.

As an example of corrosion in porous material, consider the case of biodegradation of
concrete structures in liquid media. In general, biocorrosion refers to the violation of the functional
properties of materials and structures by natural objects [7, 8]. One of the most common types of
biocorrosion is microbiological corrosion resulting from contact of concrete with sea and fresh
water. Fungal corrosion has the most aggressive and destructive effect on materials.

According to other researchers [9-12], vertical surfaces in areas with low fluid pressures (in
areas of flow failure) experience the greatest accumulation of biomass. Based on this, in
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mathematical modeling, it was assumed that in the considered system "concrete — liquid",
accumulation of biomass will occur at the interface, i.e., on the right border.

The model of mass transfer in an unbounded two-layer plate can be represented as a system
of differential equations of parabolic type in partial derivatives with boundary conditions of the
second (concrete — liquid boundary) and the fourth kind (concrete — biofilm boundary) [9] (2), (3):

oC,(x,7) _ ‘ 0°Cy(x7)

or 1 Ox2 >0, —51 <x<0, (2)
aC,(x,7) d°C,(x,7)
o, KTz >0 0=<x<6, ©)

Here, Clx7)- is the concentration of "free" calcium hydroxide converted to CaO in concrete

at time ¢ at an arbitrary point with coordinate x (kg CaO - kg concrete); C,x7)- concentration of
"free" calcium hydroxide converted to CaO in biofilm at time 7 at anarbitrary point with coordinate
x (kg CaO - kg biomass); k; — is the mass conductivity coefficient in the solid phase, m?-s?; k, —
coefficient of mass conductivity in biofilm, m?s; §; — thickness of the concrete structure, m; 8, —
biofilm thickness, m.

Initial conditions (4), (5):

G (x7) _, =C,(x0)=C,,. (4)
G (X, T} 0= C, (X’O) =C,p- (5)
Boundary conditions. On the left border (6):
aC,(x,7)
ol <o
ax xers, (6)
At the point of contact between the concrete and the biofilm (7), (8):
Cl(X,T] xeo = M 'Cz(x’ T} x=01 (7)
3 o oC,(x,7) _ L 0C, (x,7)
pﬁem kl 6X o - p6uo,w k2 6X o (8)
On the right border (9):
~ _6C2(X,r) _
K, x| 5 =q,(7). 9)

Here, C10 = s the initial concentration of "free" Ca0, kg CaO - kg of concrete; C20~ js
the initial concentration of "free" CaO, kg CaO - kg biomass; m — is Henry's equilibrium constant

(kg biofilm - kg concrete); ©oenPowon ™ are densities of concrete and biomass, kg:m3; (c)- s
the mass flux density leaving the biofilm into the liquid stream.

Then the original system of equations was mapped into the domain of complex numbers,
where the solution was obtained. Then we translated the solution into the original domain.

The general solution of the mass-conductivity problem is Egs. (10), (11), (12):

1 (1—2>_<)2 o(KN, Kg)}}+

Z,(x,Fo,)=———
10 Fon) 1+ NK, K

{1— NK, + NKi/, [Fom +

+22m(ﬂn sin u,, [COS(#nQ)coS(/Jn JK K ) =K, K sin( u, x)sin( z, \/K_ng)]— (10)

—%Cos(ﬂn (1+X)) exp(—2Fo,).
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- 1 e .
2,06, F0,) = e i @ NK, + Kl [x— Fo, K, K, |+ NKi, (o(K,, N, K,,) -

—)- ;m(ﬂm sin 4, Cos[ﬂm \/K_k(K(S —;()]—

1+Kx

- B (11)
_ Hm sin(,umJKkK(s){N COS 1, COS( L4, ~/ Ky X) + ! sin g, sin( 2, /K, x)}+
\/Kk \/Kk
.k - 1 . . - 2
+ Ki, | N cos «, cos(ym,/Kk x)+—sm M, Sin (/um“/Kk x) exp(—u, K, Fo,).
\/Kk
where: u,,, — roots of the characteristic equation;
14K K (3K +3N+NK K?) L
K N,K;) = ko9 L J=|Z 1-&)|dg,
oK N.K,) LK K ) JZuo(@cosliun - O)e W)

tgu, = NK, tg (i, K, K).

Here: Z:(Foy) s the dimensionless concentration of the transferable component over the
thickness of the concrete; 2. o) is the dimensionless concentration of the transferred component over

the biofilm thickness; X = x/ 8, is the dimensionless coordinate; X« :kzlkl; Ks =5, /51; An are mass
flux density leaving the biofilm into the liquid stream; m is Henry's constant (kg biofilm - kg™ concrete);

N =(Psu k2 )(Ps0n -k M) s o coefficient that takes into account the phases properties;
Ki* :qH.p(Sem'm.Ko"

Fo, =(k,-7)/ &7 is the Fourier criterion; % Paun K2 Co s the Kirpichev's mass exchange criterion.

Figure 4 shows the results of calculations according to the above proposed mathematical
model of biocorrosive failure of concrete, confirming the adequacy of the previously adopted
provisions [9, 13-15]. Such a mathematical model makes it possible to determine the value of
concentrations of the transferred component along the thickness of the concrete structure and in the
biofilm itself at any time, as well as to calculate the concentrations of "free” calcium hydroxide in
the liquid phase. The end result is the ability to predict the durability and reliability of concrete
structures with a minimum of error.
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Figure 4 — The profiles of "'free’ calcium hydroxide concentrations along the concrete thickness and
biofilm in bacterial (a) and fungal (b) corrosion at the time point:
1 - 14 days; 2 — 28 days; 3 — 42 days; 4 — 56 days; 5 — 70 days.
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Mathematical model of cement concrete corrosion taking into account colmatation of
pores and capillaries is presented below. The differential equation for determining the
dimensionless speed of the clogging front has the form (13):

dL(Fo 90, (R, Fo
( m):Kpc' B( X m). Vb ’ (13)
dFOm OX (1_‘90(:)
where: oc_ is the porosity of sediment layer, characterizing the volume of voids in the sediment
K :pﬁem
K=K, Co. * »p : .. R _
layer; ~"Pc P Tvo. oc — density coefficient; "k — surface of the structure (interface)
through which the transfer of the target component from the solid phase to the liquid phase takes
Fo, = kBZ'T
place; %en — Fourier mass transfer criterion; ky is the mass conductivity coefficient of the
- X
B =5
component —v (calcium hydroxide in concrete), m?s?; Péen — concrete density, kg:m3; Gem

— dimensionless coordinate; 7 —time, s; Yo is the stoichiometric coefficient; x — coordinate, m.
The proposed model of colmatation makes it possible to predict the corrosion rate of
cement concrete taking into account the movement of colmatation front and the thickness of

colmatant layer [16]. Figure 5 shows particular cases of mass permeability coefficient changes
dL(Fom)

Om

during colmatation [17-19]. In turn, figure 6 illustrates the colmatation rate and colmatant

layer thickness L(Fon) dependence on Fourier mass-exchange criterion Fon at sediment layer
porosity &, = 0.5 [20]. Judging by the reason of the curves in figure 5, 6, the rate of colmatation
of pores in concrete slows down in time due to the increase in thickness of the colmatant
layer [21-24].

k0", m7s

6

0 1 2 3 ra0's

Figure 5 — Particular cases of changes in the mass permeability coefficient in colmatation:
1- no change in time; 2, 3 — change according to the linear (2) and exponential (3) dependence.
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Figure 6 — Dependence of colmatation rate (a) and colmatant layer thickness L(Fom) (b)

on the Fourier mass transfer criteria Om at sediment layer porosity Coc= 0.5 and mass transfer coefficient:

k

1- "V =411-10 m?s?! (constant); 2, 3 — coefficient varying by a sloping linear (2) and exponential (3) dependence.

Let us consider the exposure of concrete to an aggressive salt solution. In this case, the wall
of the concrete structure is modeled by an unrestricted plate. It is possible to trace the influence of
Kirpitchev's mass transfer criterion on the dynamics of concentration fields of the target component
"free" calcium hydroxide along the thickness of the concrete structure in contact with the fluid
(figure 7). It can be seen (figure 7a), at the same value of Fourier mass transfer criterion, increasing
of mass flow leads to acceleration of mass transfer process of target component in solid phase that
agrees with data [25, 26].
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Figure 7 — Profiles of dimensionless concentrations of the transported component at Fop, = 0.2 depending on:

K

a —on the intensity of external mass transfer (1-5), I :1-0;2-05;3-1.0;4-15;5-2.0;

b — from the internal mass source (1-7), Pom=1-0;2-0.5;3-1.0; 4-1.5;5-2.0; 6 -(-0.5); 7 - (-1.0), Ki, =1
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In turn, figure 7b illustrates the calculation results for various values of the modified

Pomerantsev number (Pom). This number shows the effect on the mass transfer process of a
coordinate-distributed bulk source of mass due to reactions of release (curves 2-5) or absorption

(curves 6, 7) of the substance at fixed Kirpitchev and Fourier criteria ( Fon 0.2; Kin = 1.0).

Based on such data, it can be judged that mass transfer processes during the destruction of
cement concretes, taking into account the colmatation of pores and capillaries, proceed according to
the kinetic patterns of corrosion of the 1l type.

Conclusions.

1. The presented mathematical models allow to calculate the kinetics of mass transfer
processes of calcium hydroxide in the liquid and solid phases, to estimate the time to reach its
concentration in free form at the interface corresponding to the beginning of decomposition of
highly basic components.

2. It becomes possible to move to the subsequent stages of modeling of corrosion processes
development using various materials for modern construction of industrial enterprises.
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