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Abstract. Pore colmatation plays a positive role, since the decrease in the permeability of cement
concrete due to the deposition of insoluble corrosion products in the pores leads to a slowdown in corrosion
processes. The mathematical model of concrete pore colmatation based on the mass transfer equations is
given, which allows to estimate the depth of corrosion damage of concretes in media of various degrees of
aggressiveness. The presented model describes the rate of advance of the deposition zone of corrosion
products depending on the conditions of the corrosion process. Mathematical models of the kinetics and
dynamics of mass transfer accompanied by a decrease in permeability during chemical corrosion of cement
stone are presented. Equations are obtained for determining the rate of advancement of the colmatation
zone and the thickness of the colmatant layer during concrete corrosion. The dependence of the rate of
clogging of pores and capillaries and the thickness of the sediment layer on the change in mass transfer
characteristics, taking into account the porosity of the bedding layer, is shown. Graphic dependences of
the rate of advancement of the colmatage zone and the thickness of the layer of corrosion products are
obtained at the established porosity of the layer for cases of linear and exponential changes in the mass
diffusivity coefficient over time. The obtained graphic dependences show that the intensity of the
colmatation process decreases, and also illustrate a significant decrease in the intensity of the process with
a slight decrease in the porosity of the sediment layer.

AHHoTauma. KonmbmaTaumss nop Wrpaet MOMOXMWTENbHY pOfb, MOCKOSMbKY — CHUXEHUE
MPOHULAEMOCTM LieMeHTHoro 6eToHa BCNeACTBME OCaXAeHWsi B Mopax HepacTBOPUMBIX MPOAYKTOB
KOppO3UM MPUBOAMT K 3aMelSIeHUI0 KOPPO3UMOHHLIX mpoueccoB. [MpvBegeHa MaTemaTuyeckasi Mogenb
kornbmaTauuy nop 6eToHa, OCHOBaHHas Ha ypaBHEHUSX MacconepeHoca, KoTopasi NMo3BossieT OLeHMBaTb
rMyGUHY KOPPO3MOHHBLIX MOBPEXAEHUA OETOHOB B cpefax pPasfMYHOW CTereHW arpecCUMBHOCTY.
MpencraBneHHas MoAenb ONUCLIBAET CKOPOCTb MPOABMKEHWUS 30HbI OCAXAEHUS NPOOYKTOB KOPPO3UK B
3aBWCMMOCTU OT YCIOBWI NpoOTeKaHus npouecca koppo3uu. [puBeaeHbl MaTeMaTU4Yeckne Moaenu
KUHETWKM U IMHAaMWUKN MacconepeHoca, CONpoBOXAAEMOro CHUXXEHWEM MPOHULLAEMOCTU, NMPU XUMUYECKOA
KOppO3UM LIEMEHTHOTO KamHsl. MNonyyeHbl ypaBHEHUs [Ans onpederneHusi CKOPOCTU NMPOABWKEHUSI 30HbI
KonbmaTauuy 1 TOSMLWMHBI Cros KoflbMaTaHTa npu koppo3un 6eToHa. NokasaHa 3aBUCMMOCTb CKOPOCTY
3aKyrnopuBaHUsi MOpP U KanunmsipoB W TOMWMHbI CrOsl OCajka OT W3MEHEHWUS XapakTepUCTUK
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maccorepeHoca C Yy4eTOM MOPO3HOCTM Crosi KonbMaTtauTa. [lonyyeHbl rpaduyeckue 3aBUCUMOCTU
CKOPOCTU MPOAOBWXEHUSA 30HbI KONMbMAaTaLUM 1 TOMNLWMHBI CIos NPOOYKTOB KOPPO3WUM MPU YCTAHOBNEHHO
MOPO3HOCTM Crosi AONA CryyaeB fIMHENWHOTO U 3KCMOHEeHUManbHOro W3MeHeHus koadduumneHTa
MaccomnpoBOAHOCTM BO BpeMeHW. [lofnydyeHHble rpaduyeckMe 3aBUMCMMOCTM MOKasbiBaloOT, YTO
MHTEHCUBHOCTb NpoLiecca KonbmaTauum yMeHbLIaeTCs, a Takke UINIOCTPUPYIOT 3HAaUUTENBHOE CHUXKEHME
WHTEHCUBHOCTU NpoLecca Npu HeaHauuTenbHOM YMEHbLLEHUN NOPUCTOCTM Cros OcaaKa.

1. Intoduction

At corrosion of concrete and reinforced concrete products mudding is the process of penetration of
particles (disperce and dissolved) in the pores, cracks and voids of concrete and is physical and chemical
deposition in it, contributing to the grouting, reduction the water permeability of concrete, and as a result
increase the frost resistance and corrosion resistance [1, 2].

Usually, the term "colmatation” is used to refer to the process of mechanical deposition of particles
in the pore space [3].

Concrete is a capillary-porous material, as if permeated with a thin mesh of pores and capillaries of
various sizes [4]. When the concrete is moistened, the smallest pores and capillaries are filled with an
aggressive environment which interacts with calcium hydroxide to form insoluble reaction products, which
clog these capillaries. Coming, as they say, "colmatation” of the pores and capillaries that leads to reduction
of permeability of concrete [4].

At the interaction of components of the cement matrix of the concrete with the aggressive
environment two types of colmatant are formed [5]: the first consists of a gel of silicic acid, which is formed
as a result of the interaction of the silicate component of the cement stone with an aggressive environment;
the second is formed as a result of the chemical reaction of the components of the aggressive environment

with the main parts of the cement stone containing calcium ions: CaCO3, Mg(OH), etc.

With the increase in the age of concrete, the nature of its porosity changes, the volume of
macropores which overgrown with cement hydration products gradually decreases, and as a result the
permeability of concrete decreases [4].

In artificial conditions (at the construction and operation of engineering structures) colmation plays a
dual role — positive and negative.

The positive impact is, for example, clogging of the pores of the asphalt- and concrete when exposed
to de-icing compositions [6], improvement of the strength characteristics of ceramic bricks after treatment
by water-repellent and clogging compounds [7], clogging the internal structure of capillaries and pores of
the wood and the formation of more strong ties of wood with cement stone in the production of arbolite [8],
increasing of water-tightness of concrete structures due to colmatation of capillary pores of concrete with
the introduction of special additives [9, 10], increasing the strength and density of concrete when applying
waterproofing coating [11].

The negative impact of colmatation is manifested in drilling, development and operation of water
wells in mechanical, chemical and biological colmatage [12]; in loss of water permeability of geotextiles
and reduction of filtration properties due to colmatation of the material during water filtration [13]; in violation
of the operation mode of ore-bearing wells due to deposition of solid phases formed by dissolution of metal
ore-containing rocks [14].

The use of the colmatation effect for practical purposes allows to increase the degree of self-inhibition
of corrosion processes and to make a choice of cement type for concrete which are operated in various
aggressive environments [5].

It is necessary to make a model of collation and determine the parameters of mass transfer to have
an opportunity to effectively use the process of collation in preventing the spread of corrosion front deep
into the concrete.

All corrosion processes of the second type are accompanied by the release of the solid phase as a
result of the chemical interaction of the concrete components and the aggressive liquid medium. The
chemical interaction of the components of the aggressive environment in the liquid phase with dissolved in
the pore fluid calcium hydroxide leading to the appearance of a colmatant layer flows through the reaction
of the species (Figure 1):
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Bsal Fsed

Figure 1. Pore: 1) concrete matrix; 2) pore; 3) sediment
A typical example of this type of reaction is [15]:

Ca(OH)2 + MgCl2 = CaClz + Mg(OH)z2|. Q)

Calcium hydroxide (Bsa) interacts with an aggressive component (Aiq — MgCl2); because of this

interaction, calcium ions Ca?* (Riq) pass into the liquid phase and a solid phase (Fsed) is formed. The

process is supposed to proceed through a complex mechanism that takes place in two stages. The first

stage proceeds on the external diffusion-kinetic mechanism on the interface of phases "solid-liquid" and

therefore insoluble reaction product is deposited on the surface of concrete. The second stage takes place
in the diffusion-kinetic mechanism [15].

The mechanism and kinetics of mass transfer at the first stage are described in detail in [15]. The
second stage is discussed below.

2. Methods

To describe the nature of corrosion processes occurring during liquid corrosion of concretes,
methods of mathematical modeling based on the mass transfer equations are used. Methods of
mathematical physics for solving boundary problems of mass transfer are applied as a mathematical
apparatus. To establish the longevity of concretes exposed to aggressive chloride-containing media,
mathematical models of corrosion of concrete have been obtained, which take into account the pore
colmatation. For the experimental study of the properties, structure and composition of the materials
studied in the work (solid and liquid phase), methods of chemical and physicochemical analysis are used,
such as: quantitative analysis of calcium cations in a liquid medium by the method of complexometric
titration; electrometric method for measuring the pH of the medium; method for determining the density,
water absorption and porosity of cement stone; X-ray diffraction analysis of cement stone before and after
exposure to corrosive liquids.

3. Results and Discussion

To estimate the depth of corrosion damage, various equations are proposed to predict the resistance
of concrete in an aggressive environment [16—20]. These equations take into account the rate of corrosion
of concrete in the initial period, the rate of heterogeneous reactions and the nature of the control (kinetic or
diffusion), the kinetics of the internal diffusion process with a constant diffusion coefficient in time, the
porosity of the cement stone, the dependence of the mass transfer coefficients on the structure and
composition of the concretes, as well as the composition and concentration of aggressive media, relative
humidity (degree of saturation) and concentration of calcium ions in pore solution, formation of calcite and
dissolution of of hydration products, simultaneous influence of power loading and negative effects of
aggressive media on concrete and reinforced concrete structures. On the basis of the theory of mass
transfer processes the equations for the mathematical description of kinetic dependences of corrosion
process most often occurring in practice are offered. These equations describe extensive and intensive
processes of concrete corrosion inhibition [5, 21]. However, these models do not fully take into account the
process of colmatation of pores and capillaries of concrete, which remains not fully understood.

We believe that at the initial moment, when only the aggressive environment interacts with the
concrete at the thickness of the structure, there is a uniform distribution of the main component:

Cs(x,z) = Cgu.o., 2)
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where: X — coordinate, m; 7 — time, s; C(x,7) — concentration of «free Ca(OH)2» in concrete at the moment

of time 7 at an arbitrary point with a coordinate x, in terms of CaO (kg CaO/kg of concrete); Co —
concentration of «free Ca(OH)2» in concrete in the initial time to an arbitrary point with coordinate X, in
terms of CaO (kg CaO/kg of concrete).

By the time 71the concentration of calcium ions at the interface will be zero. From that moment the
aggressive component starts to flow inside the pores of the concrete and the reaction product, sediment,
promotes the formation of a porous structure of the sediment inside the pores of the concrete.

During the time Atz in the pore of concrete (open or through) the sediment layer determined by a
formula is formed:

AVm1= (1 - Ssed)ﬂ'Rz'Alj_. (3)
Here: esed — porosity layer of sediment, which characterizes the volume of voids in the layer of
sediment; R is the radius of the pore, m.

The mass of the sediment will be:

AMsed1 = (1 - Esed)ﬂ:R Al *Psed. (4)
Dividing both parts on Ar: for which there was a mass accumulation write:

AM Al
Aieldl = = (1 gsed)T[Rz * Pm» (5)
or in differential form:
aMm dl
died = E(l - ‘gsed)nRz * Psed- (6)

Using the concept of mass flow rate, we can write:

dMseq _ dl d dMsed
TRZ-dt E(l Esed) * Psed = P —22 (1 - &geq) * Pseas @)

At the moment when the period of mass transfer controlled by external diffusion is completed, on the
thickness of a wall of a design (product) concentration field of "free calcium hydroxide", is formed,

determined by the function Cg(x, T) |r=rl— dimension of the function: kg of the component / kg of concrete.

The mass flow density of the reagent at the interface of the phase will be determined by a known
ratio similar to the first Fick's law [22]:

dCp(x,1)
qr (T)lrzrl = _kB 9x  |x=Rs " Pcon- (8)
T=T1
Here: Rs — designation of the surface of the structure (the interface), through which the mass of the
target component is transferred from the solid phase to the liquid; Ks — coefficient of mass conductivity of

the component Bsol (calcium hydroxide in concrete), m?/s; pcon - density of concrete, kg/m3.

In accordance with the methodology of experimental studies of mass transfer processes, the
numerical values of the mass conductivity coefficient are determined in relation to the geometric surface of
the body involved in the mass transfer process. At the same time, the substance (reagent) from the liquid
phase comes only through the surface of the open pores.

In the time 471 the amount of the substance will approach from the inside of the solid phase to the
surface:

aCE(x,7)
ox

AMp; = qR(T)l‘c:‘cI - mR? Aty = —kg " Peon

. 2,
x=Rs R ATl. 9)
T=T1

This amount of substance reacts with the reagent A, the corresponding amount of the substance
Fsed Which is dropping out in a deposit as a result is formed.

During the period At: the single pore will be clogged with substance Fsed, the mass of which will be:

AMEe1 = Viimpsed(1 — €sed) = ERZ'All',Dsed'(l — &sed). (10)
The total amount of substance deposited in the pores of the concrete will be determined as:
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AMiotal = 2AMp = ﬁRZmid'All',Dsed'(l - SSed)'ﬁ-
Ssurface

Here: A = s the number of pores per given surface.

On the other hand, this amount of substance can be defined as:

_ dCp(x,T) 2
ZAMFI = —kp - Pcon * 9% |x=Rs " R* - ATy vyp,
=Ty
where: vap — stoichiometric coefficient.
It follows from the balance:
~_ aCp(x,7)
ﬁRzmid'Alj_'psed'(l - Ssed)'n = _kB “Pcon " l:')_x x=Rg : T[RZ ' ATI *Vap

T=T1

Hence, for the rate of advance of the size of the colmation zone (divided on A71):

VAD

al(o) = —kn- Pcon | dCp(x,7) .
X=Rg (1-€sea)’

dat B Psed 0x

We receive:

all(r)/8conl _ . 9[CB.o.—Cp(x,1)]

d[T'kB/Sgon] P 9(x/8con)CB.o. X=Rg (1~ésea)”
Let us introduce dimensionless variables of the form:

} _ CBo.—C(xT) _ kT, G
5 ’QB_C—’FOm_Sz_’L(FOm)_S .
con B.o. con con

We present equation (18) to a dimensionless form. For this:

. vapCBo.

X

X =

a) we multiply both parts of the equation on d%con/dcon;
b) we divide both parts by kg;

c) we enter the value of the density coefficient: K,, = Zcﬂ.
sed

And finally:
dL(Foy)
dFom
Or another recording:

d0p(xX,Fo v
— Kp . CB_Ol . B( - m) B AD )
ox #=Ry (1—&sed)
dL(Fop) _ _00p(Rx.Fom) _ vap
dFo,,  PC 0% (1-€geq)’
Here: Kyc = K,:Cg.o.

We consider and graphically illustrate some special cases.

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

1. Physical-mechanical and mass-conducting characteristics of the material remain unchanged
during the process: the main such characteristics in this case are the coefficients of porosity and density of

concrete and sediment materials, as well as the coefficient of mass conductivity Kg (straight 1 of Figure 2).

k-lﬂwl m:frs

6

N

"'«\ 3

x >

0 1 2 3 raots

Figure 2. Particular cases of changes in the mass conductivity coefficient Kg in the process of

colmatation: 1 —no change in time; 2 — change by linear dependence; 3 — change by exponential

dependence
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The integration of equation (18) in the processes from zero to the current value FOm and from zero

to L(Fom) gives the law of promotion of the colmatant layer in the pores of the concrete at constant values
of the coefficient of mass conductivity:

005 (Ry, Foy)  Vap
0x (1 - gsed)

2. ltis experimentally established that the coefficient of mass conductivity of the material in the solid
phase decreases sharply during the process [23]. These data can be approximated by linear or exponential
dependencies of the form:

L(Fop) =Ky Fo,, (19)

ke(z) = keo-(1 — Aoz), (20)
ke(z) = keo-A1-exp(-B17). (22)

— For linear dependence expressions (18) and (19) are converted to view:

dL(Fopm) 4 _00(Ri,Fom) vapKpc
dFom (1 = AoFon) 0% (1-€seq)’ (22)
_ 00 (Ry,Fom) . VapKpcFom . _ 2
L(Fo,) = Py o) (1 -0.54(yFo,,), (23)
Here:
A AO'Sgon
Ao == (24)
— For exponential dependence expressions (18) and (19) take the form of:
dL(FOm) _ . _ EN . OGB(Ek,FOm) . vAD'KpC
“aFon = A, -exp(—B,Fo,,) Py TR (25)
_ 00p(Ry,Fom) . A1 Kpcvap . . IR
L(Fop) = P R [1 - exp(—B,Fopn)]. (26)

a B1-8%
Here: B, = <o,
kpo

As an example, some results of calculations on the obtained expressions are shown in Figures 3-6.

dL(Fom)

Figure 3 shows how the collation rate, , and the thickness of the colmatant layer, L(Fo,,),

Om
change from the mass transfer Fourier criterion, FOm, and the porosity of the sediment layer, gsed, while the
mass conductivity coefficient is assumed to be constant (Ko = 4.11-10-° m?/s), and the calculations were
carried out in terms of (15) and (17).

dL(Fa)
dFa, LiFa)

A

dL(Fo)

Figure 3. The dependence of the colmatation rate, , (@) and the thickness of the colmatant

dFo,,
layer, L(Fo,,), (b) from the mass transfer Fourier criterion, FOm, and the porosity of the sediment
layer, &sed, at a constant value of the mass conductivity coefficient (Kso = 4.11-10°m%/s)
dL(Fom)
Om
L(Fo,,), change from the mass transfer Fourier criterion, FOm, and the porosity of the sediment layer, &sed,
but unlike Figure 3, the mass conductivity coefficient changes linearly (inclined line 2 of Figure 2).

Figure 4 illustrates how the speed of colmatation, , and the thickness of the colmatant layer,
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dL(Fom)

Om
thickness of the colmatant layer, L(Fo,,), from the mass transfer Fourier criterion, Fom, and porosity of the
sediment layer, &sed, at the coefficient of mass conductivity of the material in the solid phase sharply
decreasing in time of the process, for calculations its values are approximated by exponential (curve 3
Figure 2) dependence.

But Figure 5 presents the graphical results of calculations of the colmatation rate, , and the

dLiFa)
dFa,

A

dL(Fop,)
dFo,,
layer, L(Fo,,), (b) from the mass transfer Fourier criterion, FOm, and the porosity of the sediment
layer, &sed, when the mass conductivity coefficient changes according to the linear law

Figure 4. The dependence of the colmatation rate, , (&) and the thickness of the colmatant

dl.(Fa,)
dFa, LiFa,)

[ |

0.6 g T 1z

dL(Fon,)
dFo,,
layer, L(Fo,,), (b) from the mass transfer Fourier criterion, FOm, and the porosity of the sediment

layer, &sed, when the mass conductivity coefficient changes according to the exponential
dependence

Figure 5. The dependence of the colmatation rate, , (@) and the thickness of the colmatant

The obtained graphic dependences show that the intensity of the colmatation process decreases,
and also illustrate a significant decrease in the intensity of the process with a slight decrease in the porosity
of the sediment layer (from 1 to 0.9).

To demonstrate the influence of the coefficient of mass conductivity we will present the profiles of
dL(Fopm)
Fom
Fourier criterion, FOm, at the same value of the porosity of the layer of sediment, esed = 0.5, for each
particular case (Figure 6). Here, curve 1 shows the results of calculations for a time-constant mass
conductivity coefficient; curve 2 shows the change in linear slope dependence; and curve 3 shows the

change in exponential dependence.

the colmatation rate, , and the thickness of the colmatant layer, L(Fo,,), from the mass transfer
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dLiFa)
dl"'n_‘ LiFa ,-’+

0,020 0,020

0.015 1 1 1 0.015 1 1 __/""
0.010 4 0010 ! / -

. > BT

0.005 - m— f . 0,005
0 | 0 -
0 0.1 02 03 04 05 Fa 0 0.1 02 03 04 05 Fa
a) b)
. . dL(Fo.,) .
Figure 6. The dependence of the colmatation rate, T (a) and the thickness of the colmatant
m

layer, L(Fo,,), (b) from the mass transfer Fourier criterion, FOm, when the porosity of the layer of

sediment &ed= 0.5, when the mass conductivity coefficient: 1 — constant (Kso=4.11-10"° m?%s);
2 —changes according to the incline linear dependence; 3 — changes according to the exponential
dependence

dL(Fom)
Om
of the colmatant layer, L(Fo,,), from the mass transfer Fourier criterion, FOm, when the porosity of the layer
. . 00 (Ry,Fo . . .
of sediment &sed = 0.5, at a variable mass flow value, %. Profiles show that over time there is a
weakening of the mass flow which obviously is connected with an increase in the colmatant layer. The
speed of colmatation is also reduced due to the fact that the layer of colmatant partially or completely
clogged pores and prevents the further penetration of the aggressive environment deep into the concrete.

Figure 7 shows the profiles of the dependence of the colmatation rate, , and the thickness

dl.{Fay)

391:‘:-'-'\.-.'!"'!; dla ;’3:‘:; 0l
ox i} ) § ) i
4 0.004 T T T | 0,02(
4 a 0.003 ! | i .r"{/ 5 0.015
| i 3
0.002 1 ,,1;“:4-’--' 0.01
//" | ] -
: 0.00l— 11T 0,005 3
0 0l | . 0 !
a) 0 0. 02 03 04 035 Fap) 001 02 03 04 05 Fac) 0 01 02 03 04 05 Fo
, ) dL(Fon,) ,
Figure 7. The dependence of the colmatation rate, T (b) and the thickness of the colmatant
m
layer, L(Fo,,), (c) from the mass transfer Fourier criterion, FOm, when the porosity of the layer of
. d0(Ry,Fo,p)
sediment &sed = 0.5, when the value of the mass flow (a), #: 1,2 — constant; 3 — changes

according to the incline linear dependence; 4 — changes according to the exponential dependence

4. Conclusions

1. The presented model of colmatation allows to predict the corrosion rate of cement concrete
considering the movement of the front of colmatation and the thickness of the colmatant layer.

2. Mathematical modeling gives the chance to use the phenomenon of a colmatation of concrete
pores to prevent the development of corrosion processes in further experimental studies.

3. Graphic dependencies show that the rate of colmatation of concrete pores during corrosion is
slowed down over time, which is associated with an increase in the thickness of the colmatant layer. Due
to the pore colmatation, the corrosion of concrete is inhibited, since penetration of the aggressive medium
is difficult.
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