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THE TYPES OF LIMITATIONS
ON CARBONIZATION INTENSITY IN CONCRETE

Problem statement. Taking into consideration the effect of moisture conditions
of concrete by introducing empirical coefficients which are not justified theoreti-
cally and experimentally does not provide physical understanding of the influence
of concrete structure and its moisture conditions.

Results and conclusions. It is suggested to differentiate the inflow of the gas
mixture to concrete into effusion and diffusion components with respect to the di-
ameter of capillaries. The expressions for estimation of their contribution to the
general flow depending on moisture content are given.
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Introduction. During the process of hardening of cement stone or concrete complex
ramified system of randomly located capillaries from 10 to 10”7 ¢cm and individual
pores of diameter from 10to 0.5 cm is formed as a result of chemical and physical-
mechanical properties. The type of location of pores and capillaries in concrete and
their differential distribution by size are closely related to the mechanism of the trans-
fer of external gas-like aggressive medium deep into porous solid. Depending on the
size of capillaries and pores, the transfer of external medium might occur in pores
which are not filled with condensed moisture in the form of molecular flow or effu-
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sion at sizes of capillaries r <1x10®cm or in the form of viscous motion or diffusion
at r >1x10™cm. In capillaries filled with water, the transfer of external gas-like me-
dium is possible in solution in response to diffusion motion. The type of transfer is
liquid transfer in liquid.

The permeability of concrete as a porous material to external gas medium, or gas
permeability, is characterized by the transfer coefficient, or diffusion coefficient [1,
2, 3]. Effective coefficient of diffusion [1, 2] accumulates all possible types of
transfer without differentiation of the contribution of each type to the final value of
the coefficient. In terms of prediction of life expectancy of the structures, such ap-
proach is justified.

At the same time, in terms of directed formation of the structure of concrete and ce-
ment stone, integral value of the coefficient of transfer in the form of effective coeffi-
cient not always allows to conduct valid quantitative and qualitative assessment of
the measures which are being performed. This is due to the fact that concrete per-
meability depends on many factors including structure parameters, integral volume of
pores and capillaries, their differential distribution by size, environment humidity,
concrete humidity, etc.

The procedure suggested in [1] uses the following equation to calculate of effective
coefficient of diffusion CO, at concrete carbonization D':

m, x°

D'= 2 , 1
2C,r M

where x is the depth of carbonization defined with the use of indicator by changing
hydrogen index pH; Cj is the concentration CO, in environment; z is the life expec-
tancy, or observation period; my is the reaction capacity of concrete, that is, the vo-
lume of carbonic acid gas absorbed by unit of volume of carbonized concrete at
normal temperature and pressure

The structure of expression (1) used to define effective coefficient of diffusion and
diffusion parameters testifies that D' is not a value of carbonic acid gas transfer, but,
most probably, is the rate of the progress of concrete carbonization.

In other words, the value of effective coefficient of diffusion combines parameters
characterizing two processes — the process of carbonic acid gas transfer to the front
of reaction and the process of chemical interaction of carbonic acid gas with alkaline
components of cement stone in reaction zone. The prerequisite for choosing this pro-
cedure to define effective coefficient of diffusion is acceptance of assumption of dif-
fusion limitation on the rates of the processes. This assumption implies that diffusion
transfer of carbonic acid gas from external medium to the front of reaction is the
slowest process among other processes involving concrete carbonization. At the same
time in expression (1), apart from reaction volume of concrete, neither concrete struc-
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ture related to the integral volume of pores and their differential distribution by size,
nor relative concrete humidity. In this connection, coefficient D' in the form (1)
should be interpreted as coefficient of movement of the front of reaction in concrete
carbonization.

The influence of humidity and temperature conditions of environment in [1] is pro-
posed to consider with the use of empirical coefficient:

— 1 — for structures inside dry heated premises;

— 0.5 — for protected from precipitation external structures in the centre of Eu-
ropean part of Russia;

— 0,2—0,3 — for external structures not protected from precipitation according
to the humidity conditions.

Generally (see, for example, [1]), at present we do not have an opportunity to take in-
to consideration the effect of conditions of structure interaction with environment on
the kinetics of concrete carbonization differentially. Hence, taking into consideration
the effect of moisture conditions of concrete by introducing empirical coefficients
which are not justified theoretically and experimentally does not provide physical un-
derstanding of the influence of concrete structure and its moisture conditions.

From our point of view, physically, it is more justified to differentiate integral system
of pores into .microcapillaries with radius of capillaries r <1x10™ c¢m and into macro-
capillaries with radius r >1x10°cm when determining coefficient of gas transfer
which can be named as effective coefficient of mass potential transfer. Let us denote
the effective coefficient of diffusion by D and find total scalar density j of gas flow
transported through the surface of capillary-porous body of area 4 in a unit of time
using the first Fick's law:

. dc
)= DA& : (2)

Scalar value of total gas flow j at isothermal conditions will be made up of gas flow
transported under the effect of effusion Je through microcapillaries and of gas flow
transported by diffusion Jgi through macrocapillaries:

J = Jett + Juitr. (3)

For polycapillary-porous body, total pore areas falls on area 4 of body surface con-
tacting with environment, or porosity, are equal, respectively:

- for microcapillaries

r

g = [ £(r)dr; (4)

Tmin
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- for macrocapillaries

L= r"T f(r)dr, (5)

r

where
r=1x10"cm

Is the boundary value of the capillary radius in their separation into microcapillaries
and macrocapillaries; rpi, is the minimum value of microcapillary radius; rm. is the
maximum value of microcapillary radius; f(r) is the pore size differential distribution
curve.

Scalar value of gas flow transported under the effect of effusion with consideration

for [4] is equal to
8 | RT dc
Jet== | ——rIT, —. 6
3N 2eM | dx ©)

In expression (6), the gradient of partial pressure ?j—P Is substituted for active gas in
X

gas mixture in relation to Clapeyron-Mendeleev equation:

VAVE D

where m is the mass of carbon dioxide in gas mixture; M is the molecular mass of
carbon dioxide; V is the mixture volume; R is the universal gas constant; 7' is the ab-
solute temperature.

The scalar value of the density of gas flow transported by diffusion and determined
by Fick’s first law, with consideration for (5), is equal to
— dc
Jaitt =Doitt Liet— . (8)
dx

By substituting values of gas flows from (2), (6) and (8) in (3) instead of gas flows
and performing appropriate transformation, we obtain the value of effective coeffi-
cient of diffusion D. It is equal to

gy 1.1 A
p=tlan g 11,8 [RT L ULl | ©)
A 3\27M Dy, (11, | A)
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where 1 /A, Iy /A are relative areas of microcapillaries and macrocapillaries on the
surface of the body which contact with environment.

The second member in brackets in expressioin (9) indicates the part of gas flow
transported by effusion with reference to diffusion component. If this member is
equal to zero, the flow of transported gas inside porous body will be fully controlled
by macrocapillar component of porous system of concrete. As is seen from (9), this
may happen if r -I1 approaches zero.

rIeg= [r-f(r)dr 0. (10)

Tin

Reduction of microcapillar component of concrete porous structure can occur in
two cases.

At first, this may happen in the course of interaction of chemically responsive com-
ponents of cement stone or fillers with penetrating environment. As a results of this
interaction, insoluble products of reaction with zero porosity fill microcapillaries.

At second, this may happen at full wetting of microcapillaries by condensed mois-
ture. As a result, the transfer of gas-like products is possible only in dissolved form
on the model of liquid transfer in liquid. In transferring dissolved gas in the form of
liquid in liquid, diffusion coefficient will be four orders less than gas coefficient in
gas. In this case, gas flow transported in dissolved form on the model of liquid trans-
fer in liquid will be equal to zero.

When it is considered that reaction products forming as a result of reaction of con-
crete components with gas environment will not be absolutely dense at standard tem-
perature conditions and will have certain final porosity, it can stated that decrease and
increase of effusion component in total flow of transported gas will depends only on
condensed moisture content in porous body microcapillaries.

It is obvious that condensed moisture content in microcapillaries depends on relative
pressure of water vapor over the water meniscus or on relative equilibrium concrete
moisture. The relationship between capillary radius and relative pressure of water va-
por over the meniscus at full wetting is given in [4].

Let us calculate the change in effusion and diffusion components of gas flows de-
pending on condensed moisture content in capillaries as relative equilibrium concrete
moisture increases. To do this, let us use data on volumes of pores of cement/sand
mortar 1/2 obtained with the use of mercury porometer (see Fig. 1b) [2]. We assume
that material is isotropic.

In studying the influence of relative equilibrium moisture on the change in diffusion
and effusion components of gas flow inside porous body, we adopt the value of gra-
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dient of concentration ? to be equal for both components of the flow. From (6) and
X

(8) we obtain the expressions for scalar values of relative densities of the flows:

o 8 | RT _
dc —5«/—27[,\/' Hy -7, (11)

dx

Jai

% = Dyt 1 i - (12)

dx
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Fig. 1. The relationship between capillary radius:
a) and relative water pressure at which full wetting of capillary of radius r occurs [4];
b) and pore distribution in uncarbonized and carbonized solutions [2]

Fig. 2 shows curves of change of diffusion and effusion components of relative car-
bon dioxide flows in relation to relative pressure of water vapor inside the mortar.
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Fig. 2. The change in relative densities of the flows of carbonic acid gas arriving at mortar,
in relation to relative humidity:
—— — total relative density of the flow of carbonic acid gas at the surface of cement-sand mortar;
— . — —diffusion component; — — effusion component;
1 — before carbonization of mortar; 2 — after carbonization of mortar

In determining the value of diffusion flow of carbonic acid gas, value of Dy is taken
equal to 0.16 cm?/sec, as for coefficient of gas diffusion in gas at 7= 293 K (20 °C).
The area of microcapillaries /7. and macrocapillaries 7, as well as radius of capil-
laries r; was determined from Fig. 1b with consideration for the film of condensed
moisture. The width of the film was taken from [4] in relation to the relative pressure
of water vapor in mortar ¢.

Components of the flow were determined for two states of the mortar.

State 1 characterizes the values of the flows before the effect of carbonic acid gas
(before carbonization).

State 2 characterizes the values of the flows after carbonization of the cement stone
of the mortar.
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The process of carbonization and the process of interaction of alkaline components of
cement stone in mortar or concrete products with carbonic acid gas of atmospheric air
begin from open surface.

On this basis, curves 1 in Fig. 2 which show the change in intensity of components of
relative density of the carbonic acid gas flow before carbonization will reflect the
value of effect of carbonic acid gas through open surface in initial moment of time.
Fig. 2 shows that total density of a given flow significantly depends on relative pres-
sure of water vapor in mortar ¢. As ¢ increases, the value of density of carbonic acid
gas flow decreases. This is due to the reduction of effusion component of total densi-
ty of carbonic acid gas flow. The value of the total density changes from maximum at
¢ = 0.5 to zero at ¢ =0.99, while its diffusion component does not change significant-
ly to the point ¢=0.9. The maximum value of effusion component of the flow density
corresponds to the relative pressure of water vapor inside mortar=0.5. In this case, the
value is 3 times larger than diffusion component.

The components of density of gas flow (2) show the intensity of carbonic acid gas
transported through spent layer of mortar after carbonization of cement stone to the
front of reaction.

The total density of the flow transported through the unit of uncarbonized mortar sur-
face is more than density of the flow transported through the unit of uncarbonized
mortar, the ratio of the scalar values of the flows increasing from j,/j, = 2.77 at equi-
librium pressure of water vapor inside mortar ¢ = 0.5 to j,/j,= 1.3 at ¢ = 0.99. Here,
the ratio of diffusion components of the flows (1.25+1.3) does not change significant-
ly as ¢ increases in segment from ¢ = 0.5 to ¢ = 0.99.

The equality of ratio of diffusion densities of the flows over the whole range of
change in equilibrium pressure of water vapor ¢ inside mortar from ¢ = 0.5 to the full
saturation of capillaries with condensed moisture testifies that reduction in diffusion
flow of carbonic acid gas after carbonization is caused by reduction in opening of mi-
crocapillaries due to the precipitation of insoluble products of reaction on their walls.

The parallel location of curves of the flows (about each other and about axis ¢, see
Fig. 2) which reflects the transfer of carbonic acid gas by diffusion both in uncarbo-
nized and in carbonized layers of mortar testifies that scalar values of the flows do
not depend on the relative pressure of vapor ¢ inside capillary body up to the full sa-
turation, while effusion components of densities of the flow depend on ¢ both in un-
carbonized and in carbonized layers of mortar and decrease from maximum at
»=0.5 to zero at »=0,99.

In this connection, to speak of diffusion restriction on increasing relative equilibrium
moisture condition inside concrete of mortar [1, 2, 3] is to reflect physics of mass
transfer not quite right. In this case, it is more correctly to speak of effusion restric-
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tion on the transfer of carbonic acid gas to the front of reaction through spent layer of
mortar or concrete after carbonization as relative equilibrium moisture condition in-
side capillary-porous body increases.

Conclusions

1. It is suggested to differentiate porous space of concrete into microcapillaries with
r <1-10-5 cm and into macrocapillaries with r > 1-10-5 cm depending on the length
of free path of air molecules (¢ ~1-10-5 cm).

2. It is suggested for the first time to divide total flow of carbonic acid gas coming
inside concrete from environment into diffusion and effusion components. Their
quantitative correlations are determined analytically.

3. By the example of data on volumes of pores of cement/sand (1/2 mortar) the
change in intensity of the flows (diffusion, effusion, and total) depending on moisture
content in mortar is shown. It was demonstrated that the biggest intensity of carboni-
zation is achieved at relative humidity of porous space of mortar ¢=0.5, intensity of
carbonization decreasing to zero if relative humidity of mortar goes to 1. In a large
extent, relative humidity of porous space affects effusion component of gas flow den-
sity. Thus, in the case of changing relative humidity of porous space, it is effusion re-
striction of gas inflow that is true.
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