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ABSTRACT

Provision of reliability of structures is an important issue at the designing stage. One of
reliability aspects is durability. In order to estimate the durability of reinforced concrete it is required
to apply standard procedure of calculation which, according to SNIP Regulations 2.03.11-85
Protection of Engineering Structures against Corrosion, can be implemented with the use of
means of primary and secondary protection1. A peculiar feature of buildings with built-up or
monolithic framework is that the major portion of reinforced concrete items remains in the structure
of multi-layer walls and cannot be reached for renewal of the means of secondary protection. That
is, in order to provide durability of structures it is possible to rely only on the means of primary
protection. The article discusses estimations of parameters of concrete protective layer (its
thickness and density), based in numerical solution of differential equations, which describe
carbonization and guarantee protection of reinforcement against corrosion for the design operation
lifetime of structure.

Key words: Reinforced concrete, carbon dioxide, structures.

INTRODUCTION

Mathematical simulation of concrete
carbonization

Durability of reinforced concrete within
corrosion impact of environment can be
conditionally subdivided into two periods (Fig. 1):

T = t1 + t2 ..(1)

However, in fact only the time period as t1

should be reasonably considered as durability T
(before initiation of reinforcement corrosion), that
is, the time period t2, should be neglected, since
the error of determination of the time period t2 can
be very high.

Exactly this approach is used by numerous
researchers1,2,4,8, though attempts of more or less
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reliable determination of the time period t2 are
already under way [12]. Up till now there are no
standard procedures of calculation of the time period
t1, which determines the urgent character of
investigation into this problem. Indeed, the depth of
concrete damage as a function of operation lifetime
should serve as a basis for solution adoption both
within designing of new projects, and within
estimation of existing structures. Since the existence
of reinforced concrete is possible only with existence
of protective layer ap and cohesion of reinforcement
with concrete, then the most convenient way to
determine the time period t1 by functional

dependence of the damage depth L=f(t) upon the
condition L <  0p.

It is obvious that the final purpose of
development of mathematical model of corrosion
L=f(t) is the obtaining of simple equation suitable
for engineering calculations. Corrosion of concrete
is related with interaction between polymineral
cement stone and multi-component ambient
medium. However, almost all researchers within
development of equation L=f(t) aiming at
simplification proceed form the interaction only
between  two substances.  Mathematical model of
physico-chemical interaction between two
substances has long been known: these are
differential equations of the second order in partial
derivatives, which simultaneously includes
diffusion, dissolution and chemical interaction
between two components: the component , which
is the ambient medium, and the component , which
is soluble components of cement stone (in the case
of corrosion of concrete), with slow or fast reaction
rate (Fig. 2; Table 1, Eq. (2)).

For most simple cases (instant reaction or
reaction does not occur) the process is determined
only by diffusion (Fig. 2; Table 1, Eq. (3)).

Until recently the bottleneck of all models
was obtaining of simple engineering equation

Fig. 1. Schematic view of damage within steel
corrosion in concrete1
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Table 2.

Table 3. Coefficient Ap (cm per year -1/3)  as a function of concrete density (W/
C) and operation mode of structure

Water to cement Waterproofing                   Value of Ap
ratio W/C brand  W Normal Wet operation

operation mode mode

0.65 2 1.026 0.51
0.55 4 0.682 0.25
0.5 6 0.51 0.12
0.43 8 0.2692 -
0.4 10 0.166
0.38 12 0.0972
0.35 14 -

derived from the set (2).   Numerous researchers
simplified the equation assuming Ri(C) ~ 0, thus
transferring to Eq. (3), also known as the Fick’s
second law.  At the same time Eq. (3) has analytical
solution in the form of common in the field of
concrete durability square–root–of–time law:

tAL 2

.                                            (4)

where L is the concrete neutralization
depth, mm, t is the operation lifetime, years, A is the
coefficient depending on the concentration of
carbon dioxide c, the effective diffusion coefficient
D‘ and concrete reaction capacity m0.

Mathematical models, based on these
principles and developed by Russian and foreign
researchers (S.N. Alekseev [1], V.G., E.A. Guzeev
[3], B.V. Gusev [4], T.K. Dement‘ev [6], F.M. Ivanov
[7], V.M. Moskvin [8], A.F. Polak [8], Sh.M. Rahimbaev
[13], N.K. Rozental‘ [14], V.F. Stepanova [4], A.S.
Fai‘vusovich [4], V.V. Iakovlev [10], H.I. Wiering [24],
V.G. Papadakis [19], M. Liang [18], T. Ishida [17],
Younsi [16]), can be finally expressed similar to Eq.
(4).

These models were obtained by
experimental processing of the results of on-site
investigations, laboratory experiments and applied
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mathematical software. The developed models of
the type: L=f(x) can be subdivided into two lines [5]:
the first line is applied together with the mass
transfer equations for description of kinetics of
physico-chemical processes (and is more common);
the second line involves dependences of
thermodynamic equilibrium.

The drawbacks of the first line consist of
mathematical assumptions and simplifications,
which influence on the accuracy of calculations. The
drawbacks of the second line involve deviations
from the results of on-line and laboratory
experiments, awkwardness of calculations,
numerous coefficients, determination of which
requires for development of dedicated procedures.

In general, most cases are reduced to
classical solution, known as the already mentioned
square–root–of–time law (4).

In Russia the most significant contribution
into development of calculation methods of
provision of reinforced concrete  durability was
made by Prof. A. F. Polak in the 1970s—1980s by
means of quasi-stationary mode and subdivision of
corroding layer into areas. Despite the fact that the
obtained by Prof. Polak equation for determination
of the penetration depth of ambient medium into
cement stone accounted for numerous process
variables, it still remained one of variants of the
square–root–of–time law. Mathematical model of the
type (4) is based on the solution of differential
equations describing various physical and chemical
processes of corrosion. However, these solutions
were obtained on the basis of several assumptions
and this could result in decreased accuracy of the
results. One of non-considered in model (4)
processes is chemical interaction between ambient
medium and soluble components of cement stone,
which leads to underestimation of penetration rate

The influence of irreversible reaction 
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occur  
b) slow reaction  c) fast reaction  d) instant reaction  
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Fig. 2. Types of curves characterizing the concentration distribution within
bimolecular reaction of the following type: À + ÂŽ products [15]

Note:  õ = õ1 — coordinate of reaction plane

Fig. 3. Distribution pattern L=f (t) with consideration for development
and updating of mathematical model of the process
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of aggressive medium into concrete. Consideration
of this process can significantly influence on the
type of developed calculation dependence L=f(t)
(Fig. 3), which is also mentioned in [13].

Results of numerical experiment
We developed and made adjustment of

the existing equation of the type (4) by calculation
experiment using computer-aided symbolic
(analytical) simulation, namely, development of
mathematical model based on numerical solution
of differential equations combining actually all
variables of corrosion (Fig. 3).

The results of numerical experiment make
it possible to conclude that within expressed
chemical interaction between ambient medium and
soluble components of cement stone the
mathematical model of concrete corrosion can be
as follows:

3
3 tAL 

...(5)

The obtained calculated data (Table 2)
confirm applicability of dependence of the type

tAL 2  to concretes of high waterproofing
with relatively low design or actual operation lifetime.

Designing of durability of structures made of
concrete brands W6 and higher for long-term
operation should be reasonably based on equation

3
3 tAL  .

Based on the data of inspection of
technical state of concrete and reinforced concrete
structures carried out on several hundreds of
facilities with various operation modes the values
Ap  were determined (Table 3) as a function of
concrete density and temperature—humidity
conditions of structure operation, when concrete
corrosion occurs under so-called regular conditions
of operation and reinforcement corrosion is caused
by carbonization of concrete protective layer.

CONCLUSIONS

Therefore, at the stage of designing of
structures the obtaining of rated operation lifetime
under regular operation conditions (that is, under
impact of carbon dioxide and moisture) can be
provided only by means of the primary protection –
selection of thickness of protective layer ap, as well
as concrete waterproofing brand W (Fig. 4). For
instance, at the thickness of protective layer ap = 30
mm the rated operation lifetime Tr = 100 years can
be provided by regular concrete of W4 brand, and
if ap=15 mm, then the rated lifetime Tr =100 years
can be achieved without means of secondary
protection only by application of concrete of
extremely low waterproofing brand of at least W8.

At present the companies of building
industry have all the things needed for provision of
required concrete brand in terms waterproofing and
strict supervision of thickness of concrete layer, thus
investors, customers, designers and constructors
can be assured of capabilities of implementation of
project design concerning achievement of design
durability of reinforced concrete structures of various
purposes.
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Fig. 4.  Operation lifetime of structure T as a
function of waterproofing brand W  under
normal operation modes at thickness of

protective concrete layer:1 – ap = 30 mm; 2 – ap
= 25 mm; 3 – ap = 20 mm; 4 – ap = 15 mm
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