
1. INTRODUCTION
Reinforced structure corrosion is most often signal-
ized by concrete cover damage – scratches, longitudi-
nal fractures and rust seepage from such fractures.
The phenomena observed on the concrete surface
result from a two-phase process. In the second phase
the developing rebar corrosion causes reactions
between other components subsequently created
which, by increasing their volume, generate stress in
concrete. After reaching the tensile stress limit the
separation of concrete cover occurs.
The past written papers have treated the problem of
cover damage in an analytical way on the basis of dura-
bility solutions, [1, 2, 3]. Computer models have more
powerful capabilities for the detailed monitoring of
degradation progress resulting from environmental
influences, [4, 5].

The aim of this paper is formulation of FEM model
that allows for a numerical analysis and prediction of
concrete cover splitting time. The paper presents the
numerical implementation of the model of corrosion
that is based on the transition zone increase concept
[5]. The presented method of analysis and in particu-
lar the connection of electrochemical and mechanical
solutions is new in the analysis of corrosion problems.

2. ELECTROCHEMICAL DESCRIPTION
OF CONCRETE COVER CORROSION
2.1. Conditions of rebar corrosion
In the initial service time of reinforced concrete struc-
tures rebars are protected against corrosion as a result
of the influence of the liquid phase of the concrete
cover. The highly alkaline (pH % 12.5#5) water
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A b s t r a c t
The paper presents an electrochemical description of rebar corrosion and a method of numerical analysis of concrete cover
degradation resulting from corrosion. The paper presents formulation of strain state in the concrete cover, caused by cor-
rosion products. The formulation is based on the plasticity theory with distortion, and an incremental formulation of the
problem that allows for computational implementation. The distortional strain tensor is a function of an electric current
density. A numerical example of determination of a concrete cover splitting time is included.

S t r e s z c z e n i e
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solution absorbed by the pores of the walls causes the
reinforcing steel surface to be coated by an oxide
layer and thus so-called passive state occurs – Fig. 1.

The carbon dioxide diffusion from the atmosphere
results in concrete cover carbonatization and in
decreasing of the pore solution alkalinity, initially in
the concrete surface zones, then with the passage of
time in deeper regions. The chloride that can be
found in the concrete structure surroundings and
which is a strong depassivater, can often migrate as
well into the concrete cover. The presence of aggres-
sive factors at a distance from the rebar surface does
not violate the passive state – Fig. 2a, however, reach-
ing the rebar’s surface by these compounds can result
in the loss of concrete capabilities to protect the
rebar from corrosion and the reinforcement corro-
sion process can be initiated – Fig. 2b.

The progress of concrete carbonization and chloride
migration is described in the literature, cf. [6, 7, 8, 9,
10]. In the situation where in the close neighbour-
hood of the rebar the concrete carbonization process
decreases the pH factor to pH & 11.8, decomposition

of the passive layer and the growth of steel corrosion
begins [11]. It is assumed in case of chloride diffusion
that the risk of corrosion exists when the chloride
concentration reaches 0.4% of the cement mass [11].
The passive layer decomposition initiates reinforce-
ment corrosion, that is an electrochemical process
described by the equations

Anode reaction (1) and cathode reaction (2) occur at
the same time. As a result of anode reaction (1) the
dissolving of iron (in steel) and transition into an ion
state takes place. The electrons that are created in
the anode reaction (1) are consumed in the cathode
reaction (2).

2.2. Steel – solution ion flow through the boundary
In the anode reaction (1) the ions move out from the
steel’s crystalline structure and go through the phase
border into the solution. Similarly the hydrated ferrous
ions are transferred in the inverse direction through
the phase boundary from the solution – Fig. 3.

Along with the ions the electric charges are trans-
ferred through the phase border creating a ferrous
(steel) dissolution current with density and dis-
charge current with density. The resultant current
accompanying the anodic reaction (1) is equal to the
difference
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Figure 1.
The rebar-concrete contact: a) macro level, b) micro level;
1 – steel, 2 – concrete cover, 3 – pore structure with the
adsorbed moisture, 4 – pasive oxide layer, 5 – steel grain
structure, 6 – alkaline pore solution with pH≥≥12.5

(1)

(2)

(3)

Figure 2.
Concrete cover protection capability losing range: a) corro-
sion protected, b) corrosion endangered

Figure 3.
The scheme of ferrous ions flowing through the phase bound-
ary reinforcing steel-pore solution
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In the situation where the electrode reaction (1) does
not occur, there is no effective current flow i = 0.
However, the ion transfer in the double layer bound-
aries results in the exchange current i0 = i = i .
The current flow through the phase border (i > 0)
results in electrolytic polarization whose potential
takes the value 

where E is a potential in the equilibrium state, η overpotential, that is the potential difference
between the polarized electrode, the result of current
flow density i, and analogous electrode in the current
outflow situation. Depending on the dominant type
of electrode mechanism there can be activation ηa,
concentration ηc and ohm ηo overpotential. 
The galvanic potential Ea of the anode reaction (1)
and Ec of the cathode reaction (2) in the outflow sit-
uation can be approximated by using Nernst equation
[10, 11]

where Ea0 and Ec0 are standard potentials in the equi-
librium anode and cathode reaction, [Fe2+] is mole
concentration of ferrous ions, R – universal gas con-
stant, T – absolute temperature and K – a chemical
equilibrium constant. These potentials have been
described with respect to the reference standard
hydrogen electrode that takes the zero value.
The activation overpotential of anode reaction is [10, 11]

where α is a coefficient of electrode reaction transition.
The concentration overvoltage in cathode reaction
can be described by the formula [10, 11]

where ilim is limit density of cathode electric current. 

2.3 Corrosion process intensity
Because of the fact that corrosion process results
from the parallel existence of two reactions (1) and
(2), the corrosion process potential Ecorr results from
mixed potential of anode and cathode reaction 
Ecorr = Eia = Eic, where Eia, Eic are potential of anode
and cathode reaction while current flows. According
to the mixed potentials theory the density of electric
current that is a measure of corrosion rate can be
described graphically by the Evans diagram. If the
activation polarization decides on the corrosion rate
in case of the anodic reaction and the concentration
polarization in the cathode reaction case, the Evans
diagram has the form presented in Fig. 4.

If steel does not corrode, and remains in invertible
ion equilibrium, additionally the density of exchange
current is  i0,Fe, the equilibrium potential of anode
reaction takes the value EFe = Ea. Simultaneously, if
the steel is oxygenated in the inverse exchange
process with the hydroxyl ions, the cathode reaction
equilibrium potential at the density of exchange cur-
rent i0,O2 is  EO2 = Ec

The existing polarization in the process of corrosion
makes the anode and cathode reaction potentials
approach each other. In the situation where there is
a contact of reinforcement and pore solution, for the
corrosion products breaking the process of corrosion
the following formula is obtained according to the
Evans diagram
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(4)

(5)

(6)

(7)

(8)

(9)

Figure 4.
Hypothetical progress of polarization curves during rebar
corrosion in concrete

(10)
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where       means the sum of electrical resistance in

the corroding system, EiR – the potential drop as the

result of this resistance. If the electrical resistance of

the corrosion system is not important         → 0 the

potential difference E'c – E'a → 0 and the anode and

cathode potentials will almost equalize, finally giving

the values of corrosion potential Ecorr and correspon-

dent corrosion current density ln icorr .
According to Faraday’s law the transfer rate of fer-
rous ions into the pore solution can be described by
the formula

where: t is time, k – electrochemical equivalent of
iron, I – corrosion electric current intensity as a func-
tion of time, m" – transfer rate of ferrous ions into the
pore solution,  V" – rate of reinforcement corrosion
cavity volume change with surface A, γFe – density of
iron.
It is possible to assume that the ratio of the mass of
corrosion products mp that are produced on the
rebar’s surface to the mass of ferrous ions   is a con-
stant quantity [5],

where:  Vp denotes corrosion product volume,  γp –
corrosion product density, α – proportionality coeffi-
cient of corrosion products mass to the mass of fer-
rous ions that are transferred into the solution, andβ – proportionality coefficient of corrosion products
volume to the corrosion reinforcement cavity.
Differentiating equation (12) the formulas describing
the rate of corrosion mass product and the rate of
corrosion product volume change as a function of
electric current intensity are obtained [5]

3. STRONG FORMULATION OF REIN-
FORCED CONCRETE DEGRADATION
MODEL
A two component model B ⊂ R3 will be considered –
a skeleton with chloride ions or carbon dioxide dif-
fusing in pores where the influence of ions Cl- and
CO2 on the momentum balance of the body is neg-
ligibly small. The isothermal character of the thermo-
mechanical process and small strain hypothesis for
the skeleton - = φ(B) ≅ B will be assumed, φ is a
motion function, - – location of the body B in the
current configuration, ,B boundary of the body. On
the boundary ,B = Γu � Γ' �Γc �Γj the parts of
boundary Γu, Γ', Γc, Γj where the displacement vector,
traction vector, concentration and mass flux of chlo-
ride ions or carbon dioxide are distinguished. The
strong formulation of the problem can be presented
by a system of differential equations describing the
boundary value problem of mass transport and
momentum balance equations [7, 12]:
• mass transport of aggressive substance migrating in
the concrete pores

where x is particle location in the deformed configu-
ration, c = c(x,t) – aggressive substance mass con-
centration, j – aggressive substance mass flux, n –
normal vector.
• momentum balance

where σσ is stress tensor, b – mass force vector, 
C – elasticity tensor, u – vector of particle displace-
ment, εε – infinitesimal strain tensor, εεe – elastic strain
tensor, εεp – plastic strain tensor, εεd – distortional
strain tensor resulting from volumetric increase of
corrosion products and p – traction force vector.

4. APPLICATION OF ELASTO-PLASTIC
MEDIA THEORY
The mechanical processes related to the corrosion
product formed on the rebar’s surface have an influ-
ence on the state of stress in the concrete cover and
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are described using the plasticity theory without
hardening. The elastic-plastic equations with distor-
tions have the following form [13]:
• constitutive relationships

• continuum elastic-plastic tangent stiffness tensor of
the material, [13]

In equations (16, 17) Cep – continuum elastic–plastic
tangent stiffness tensor, γ∙ – magnitude of plastic
strains,  f – flow surface.

5. STATE OF STRESS AND STRAIN IN
THE COVER
5.1. Concept of transition zone increase
The concrete cover degradation process that is a
result of corrosion product increase is described by
the transition zone that can be modified over time.
The concept of transition zone was signalized in
paper [5]. The real system composed of concrete,
reinforcement and corrosion product is modeled by a
medium where additionally a transition layer around
the rebar is taken into consideration. The corrosion
products are produced locally in the electric cell ini-
tiation places. The intensity of these processes
changes depending on the point on the outer surface
of the rebar that is considered. The intensity of the
process changes is also related to the variation over
time in the chloride ion concentration in the cover
and to the location of the carbonization front. The
macroscopic effect of electrochemical process results
in corrosion product creation that occurs in the tran-
sition zone in the characteristic crescent form.
It needs to be taken into consideration that the cover
degradation phenomenon requires formulation of a
dependence that allows for the local description of vol-
ume product changes in the finite element as a function
of electric current intensity or density. One of the
methods allowing for the local formulation of corrosion
product growth is the approach that assumes distor-
tional strains that are a function of electric current
intensity increase in the transition zone. The linking of
this concept with the approximation of finite elements
permits formulation of corrosion product growth effect

on the state of stress in the cover which is analogical to
the local thermal strain effect. The major assumption
of the estimation method for assessing the corrosion
influence on the stresses state in the cover can be pre-
sented in the form of three postulates [5]:
• The corrosion cell on the rebar surface area is cre-

ated after having reached favourable conditions for
the electrode process.

• The volumetric increase of finite elements in the
transition zone concerns only such elements that
are located in the neighbourhood of the electro-
chemical process initiation point.

• In case when a larger number of finite elements take
part in the process, the corrosion product mass
increase accruing in the finite elements is divided pro-
portionally to the number of active finite elements.

A model of transformations occurring in the concrete
and in the cover as a result of active environmental
factors is presented in Fig. 5.
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(16)

(17)

Figure 5.
The scheme of ferrous ions flowing through the phase bound-
ary reinforcing steel-pore solution
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In the situation when zone 4, with a range of decreasing 
protection properties of concrete c(Cl-) < ccrit(Cl-),
pH > pHcrit, is smaller than the thickness b of the
cover, the reinforcement is not corroding Icorr = 0, 
m· = 0 , distortional strain is not present ε·d = 0 and the
elements of the transition layer 3 are passive – Fig. 5a.
After matching the range of decreasing protection
properties of concrete with the cover thickness (a = b)
the initiation of reinforcement corrosion follows 
Icorr $ 0, m· $ 0  and the distortional strain ε·d $ 0  that
is modeling by the transition layer 3 in sector 5
(Fig. 5b) grows. Further progress in the range a > b
causes an extension of the zone of active elements 3
(Fig. 5c).

5.2. Formulation of substitute corrosion material
expansion coefficient
The parameter that is determined here is the distor-
tional strain tensor in the transition layer. Its compo-
nents are functions of the electric current intensity.
Assuming small strains the following assumption can
be formulated, [14]

It can be assumed when modeling the corrosion
problem that the mass production occurs only in
directions perpendicular to the rebar axis. Assuming
that the rebar axis determines local X3 direction the
assumptions that ε 33

d = 0 and ε 11
d = ε 22

d = ε are made.
After differentiating equation (18) with respect to
time, the definition of distortional strain tensor as a
function of electric current intensity is obtained:

In equation (19) εεd is distortional strain created by
corrosion products at the steel – concrete contact, δij – Kronecker delta.

6. INCREMENTAL FORMULATION OF
REINFORCED CONCRETE DEGRADA-
TION PROBLEM
The solution of concrete cover degradation problem
using FEM requires the replacement of the strong
formulation of the problem, defined by equations
(14), (15), by a weak formulation. By using the Eulers
backward integration scheme the weak form of mass
balance equation describing transport of aggressive

media in the body B at time tn+1 can be formulated in
the form

The time independent weak form of momentum bal-
ance equation can be written directly at time tn+1 in
the form

In equations (20), (21) δuu is variation of displace-
ment field, δc variation of concentration field and the
indexes n+1 and refer to time moments tn+1 and
(where tn+1 = tn + Δtn+1),  respectively. The constitutive
relationships defining the stress tensor σn+1 at time
tn+1 in equation (21) can be defined using Euler back-
ward rule in (17) in the form

The solution of equation (21) requires the applica-
tion of the Newton-Raphson method. The iteration
process can be constructed by linearization of (21) in
the neighborhood of points        and         [13]

Index k refers to subincrement number of internal
correction arguments at time interval /tn,tn+10. As
the result of linearization the incremental equation
allowing for elastic-plastic analysis of structure with
mechanical distortions resulting from corrosion
products creation is obtained. The additional term
in (23) in comparison with the standard elastic plas-
tic analysis is the one describing the influence of
electric current intensity on the rate of distortional
strain creation

The computational algorithm can be presented in the
following form:
• Computation of aggressive media concentration

field.
The computation of aggressive substance concentra-
tion field distribution by the use of equation (20)
must be done. If in the time interval t ( /tn,tn+10 the
favorable condition for corrosion is reached, the
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process of rust production will be activated.
• Computation of distortional strain increment as the

result of corrosion products creation. 
The distortional strain increment          is a function
of time varying corrosion current intensity. We can
assume that the time increment         ( /tn,tn+10 in 
the time interval /tn,tn+10 is described by the function

where in equation (25) N is a natural number. Using
backward Euler’s scheme in eq. (19) the distortional
strain increment can be formulated in the time inter-
val                           in the form

• Displacement field computation.
Making use of equations (22-24) the linearized
momentum balance equation where               is defined
by (26) can be presented in the form

• Convergence criteria.
The condition for obtaining convergence at time
increment Δtn+1 = tn+1 - tn is presented in the form

The condition (30.2) informs us about reaching the
time tn+1 at the end of time step.

7. NUMERICAL ANALYSIS
The theoretical considerations have been verified by
a numerical analysis carried out using a system for
FEM analysis. The analysis is made by using separat-
ed parts of a reinforced concrete element that con-
tain rebar with diameter �0 = 20  and 40 mm thick
concrete cover, Fig. 6.
The computational model is 100x100x10 mm part,
virtually cut from the structure, containing a rebar
ideally connected with the concrete. The division into
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(25)

(26)

(27)

(28)

(29)

(30)

Figure 6.
Analyzed numerical example

Figure 7.
Finite element mesh a) in the entire model, b) in the ring of
active finite elements surrounding reinforcement (node and
element numbers shown)

c
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solid 8-node finite elements is assumed. The finite
element model along with the detailed finite element
mesh is visualized in Fig. 7. It has been assumed that
the virtually cut part of the structure satisfies plain
strain conditions. It has also been assumed that for
nodes lying in the cutting plain displacements in nor-
mal directions are fixed.
Because there was no possibility of interfering in the
finite element code the analysis has been simplified
and performed in two parts. The chloride ions trans-
fer analysis is performed in the first stage. In the sec-
ond stage the mechanical elastic-plastic analysis with
the distortions that are produced as a result of the
rebar corrosion process is performed. The distortion-
al loading in the simplified analysis is applied at the
end of time step tn+1. 

The target of the numerical analysis of chloride ions
transfer inside the concrete is determination of time
after which the critical concentration Ccrit = 0.4%  in
the finite element nodes that are located in the active
ring of transition zone is reached. In the numerical
analysis of chloride ions diffusion inside a concrete
structure (concrete C25/30 with diffusion coefficient
k = 2·10-8 cm2/s) is assumed [7]. The concentration
change diagrams at the nodes located on the steel-
concrete contact surface and time after which chlo-
ride ions concentration exceeds the critical concen-
tration Ccrit has been obtained, cf. Fig. 8. It can be
stated on the basis of node concentration changes
that at time interval τ=t-tcrit the following finite ele-
ments are activated: t=0, elements number 13, 14, 15,
16; t=2, elements number 92, 29; t=4, elements num-
ber 91, 30; t=6, elements number  90, 31; t=7, ele-
ments number 89, 32. 

For the assumed concrete B25/30 according to [7, 21] the
mean value of compressive strength is fcm = 33 MPa, the
mean value of tensile strength is fctm = 33 MPa , elas-
ticity modulus is Ecm = 31 GPa . The Drucker-Prager
plasticity model is used to describe concrete. The
required input data have been calculated using the
following formulas [17].

According to these formulas the cohesion coefficient is
c = 4.33·106 N/m , the angle of internal friction is equal
to � = 60.57 . The reinforcing steel A-I is used with the
elastic material model. Based on [15, 16] the elasticity
module Es = 200 GPa  is accepted. The corrosion elec-
tric current density i is determined on the basis of the
empirical equation presented in paper [15]:

where i is corrosion electric current density [µA/cm2],
Cl – chloride ions content in concrete [kg/m], T –
steel surface temperature [K], Rc – concrete cover
electric resistance [Ohm], t – corrosion process time
[years].
To determine the corrosion electric current density i,
the chloride concentration in concrete cCl = 0.4 [%]
of cement mass, cement content in concrete 
mcem = 250 [kg/m3], rebar surface temperature ts = 10
[°C] and concrete electrical resistance Rc = 15000 [Ω]
have been assumed.
After electric current intensity function determination 

where la is the length of section of active corrosion
processes on the rebar. Taking into consideration the elec-
trochemical equivalent of ironk = 9.12·10-3 g/µA·year and
ferric density �γFe = 7.85 g/cm3, the rate of volumetric
changes of corrosion products V·p that determine the
value of the distortional strain has been estimated
according to formula (6). Three ratios of corrosion
product volume to corrosion cavity volume β = Vp/V -β� = 2,�β = 3, �β = 4,   have been taken into
consideration. The results obtained for time changes of
corrosion current density functions i and major tension
stress S1 on the element edge (at point A according to
Fig. 6) are presented graphically in Fig. 9.
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Figure 8.
Concentration change of chloride ions in nodes of the transi-
tion zone steel–concrete; the numbers on the curves refers to
numbers of FEM nodes

(31)

(32)

(33)
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Reaching the stress level S1 , the concrete strength in
tension fctm = 3.3 MPa  lasts through the time interval t
from the moment of electrochemical process initiation
to the fracturing of the concrete cover. This time inter-
val substantially depends on the β parameter. The con-
crete cover cracking times and stresses at point A are
shown in Table 1.
The distribution of equivalent plastic strain around the
analyzed reinforcing bar for the model is shown in Fig. 10.

8. SUMMARY
The paper presents a model allowing for the numeri-
cal analysis of concrete cover degradation process.
The method deals with the problem of transport of
aggressive substances initiating the rebar’s corrosion,
evolution of a region with active corrosion process
and description of mechanical degradation of con-
crete cover. The linearized weak form of momentum
balance equation in respect of displacement and cor-
rosion current intensity increments with mechanical
distortions has been shown. Formulating distortional
strain tensor, the assumption that the ratio mass of
products to mass of ferrous ions transferred into the
solution is constant has been made. The algorithm of
the analysis of the concrete cover degradation as a
function of time has been presented. The numerical
example of the phenomenon has been analyzed using
the simplified version of the algorithm. 
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