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Abstract: The work is theoretical with the use of analy-
tical calculations, subsequently confirmed by a numer-
ical method, in which an attempt was made to verify the
method of estimating the corrosion current density based
on the deflection of reinforced concrete (RC) elements
affected by reinforcement corrosion. The focus was on
the possibility of estimating the corrosion current inten-
sity on the basis of external measurements of deflections
of RC elements subjected to reinforcement corrosion. The
method can be used as an element supporting the diag-
nosis of RC structures. The article presents an example of
analytical and numerical deflection calculations, on the
basis of which an attempt was made to estimate the cor-
rosion current density. The obtained results were consid-
ered satisfactory, which is sent for further considerations,
and above all for experimental verification of the pro-
posed method. The analysis was based on the theoretical
work of a simply supported beam, whose analytical
results were verified using the finite element method.
For the purposes of theoretical considerations, the impact
of corrosion of the beam reinforcement was assumed in
the form of a history of changes in the intensity of the
corrosion current obtained in another research work.
Finally, the obtained results confirmed the assumptions
regarding the possibility of estimating the corrosion cur-
rent density on the basis of the deflection of the ana-
lyzed beam.

Keywords: corrosion of steel in reinforced concrete, deflec-
tion, corrosion rate, numerical analysis

1 Introduction

Corrosion of reinforcing steel in reinforced concrete (RC)
elements is a problem undertaken by a wide group of
researchers. In the area of corrosion phenomena, two
basic stages can be distinguished. The first consists in
initiating the process [1,2], which concerns the coupled
processes of transporting moisture, heat, and aggressive
substances to the concrete cover [3–7]. After exceeding
the contractual limit, a corrosion center occurs as a result
of the development of electrode processes on the surface
of the reinforcement, which is considered the second
stage of the process consisting in the propagation of
structural damage. In addition to the degradation of the
cover as a result of the increase in corrosion products,
taking into account various forms of void filling [8–11],
there are also changes in the yield point of the reinforcing
steel [12,13] or changes in the adhesion forces at the
steel–concrete interface [14–17]. Ultimately, corrosion
processes lead to a reduction in the load capacity of the
structure [18–22]. Corrosion of reinforcing steel in RC is
therefore a complex problem of durability, the analysis
and development of which is fully justified by the safety
of the structure operation, the possibility of using the
facility, or economic aspects [23–25]. In addition to advanced
diagnostic methods of RC structures [26–28], visible signs of
reinforcement degradation are, among others, corrosion pro-
ducts carried out through the gap of the emerging crack [29],
deflections of the element caused by the loss of reinforcement
mass and changes in Young’s modulus of steel [20,30], and
structural cracks [31] arising under the influence of the pro-
gressing corrosion process.

In the article, a guess was made regarding the numer-
ical verification of the method of estimating the corrosion
current density on the basis of monitoring the deflection of
a RC element presented by Recha [32], which may be the
starting point for advanced diagnostics of RC structures
known from the literature on the subject. In previous
studies, the corrosive environment was simulated using
various methods of accelerating the corrosion of reinforce-
ment [30,33–37] or the problemwas analyzed based on the
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results of long-term tests of elements in conditions of real
environmental aggression [20,38]. On this basis, the influ-
ence of the progressing corrosion process in various areas
of consideration was presented. Currently, the article
focuses on the opposite approach. An attempt was made
to verify the model numerically by deriving a relationship
describing the corrosion current density on the basis of the
deflection curvature of an RC element [32], using the
example of a specific structural element. The deflection
analysis was carried out using the analytical and numer-
ical method using the finite element method (FEM) of an
exemplary RC beam. Reinforcement mass loss was assumed
on the basis of the results of current measurements in the
electrode cell, which were a simulation of the corrosion
process carried out as part of the work [10]. On this basis,
in accordance with the algorithm contained in the standard
[39], the history of changes in the beam deflection was
determined as a function of the duration of the accelerated
corrosion test of the reinforcement, on the basis of which
the correctness of the adopted method of estimating the
corrosion current density was determined. Changes in the
Young’s modulus of reinforcement and the influence of
concrete creep were not taken into account in the work.
The performed calculations concern only the loss of reinfor-
cementmass. Thework is a preliminary theoretical approach,
the results of which should be verified at the stage of
planning further experimental research and extending by
research on changes in Young’s modulus and taking into
account the creep of concrete. The proposed method is
intended to approximate the corrosion current intensity.

2 Deflections of RC elements

Deflections of RC elements should be considered in two
phases conditioned by the cracking condition of the
structure [39]. Deflections of the element in the non-
scratched state include the so-called Stage I of the struc-
ture’s operation, in which the tensile stresses occurring in
the structure do not exceed the limit values equal to the
average tensile strength of the concrete fctm. Phase II occurs
when the permissible tensile stress level is exceeded. The
element in this situation is scratched. The scratching stage,
according to the standard [39], is the same as the inter-
mediate state between the complete absence of scratching
and complete scratching. The estimated amount of defor-
mation α in the generalized notation is determined by the
following relationship:

α ζα ζ α1 ,II I( )= + − (1)

where α defines the parameter of the considered deforma-
tion (deflection), αI and αII are the deformation para-
meters for the 1st and 2nd phase of the cross-section
operation, respectively, while ζ is the distribution coeffi-
cient that takes into account the tensile stiffness. Factor ζ
takes values according to the following relationship:
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where Mcr is the value of the critical moment (moment
causing the first crack), while MEk is the characteristic
value of the actual moment occurring in the bending
element. While β is the coefficient determining the time
of impact and influence of loads, including repetitive
loads, on the amount of average deformation. The β coef-
ficient in equation (2) takes the value β = 1.0 for a single
short-term load and β = 0.5 for a long-term load and a
multiple-repetitive load, respectively. The estimated deflec-
tion curvature kcs.u (in a cracked state) and kcs.r (in a non-
cracked state) due to concrete contraction are described by
the following relationships:
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where rcs is the radius of the deflection curvature, εcs is
the free contraction deformation, Es and Ec, respectively,
are the modulus of elasticity of the reinforcing steel and
the modulus of concrete elasticity (without taking into
account the phenomenon of creep), Ss is the static moment
of the surface of the tensile reinforcement calculated with
respect to the center of gravity of the entire section of the RC
element, Icu and Icr are the moment of inertia of the entire
RC section, respectively, in the non-cracked state and in the
cracked state. Geometric quantities Icu, Icr, and Ss should be
determined twice separately for the two considered phases.

The curvature of the bending element as a result of its
own weight and external loads, separately in the non-
cracked kcu and cracked kcr states, is expressed by the
following relations:
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where kcu is the curvature of rcu radius (phase I – non-
cracked state), while kcr is the curvature of rcr radius
(phase II – cracked state).
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The sum of the curvatures due to shrinkage and
external loads together with the own weight will corre-
spond to the total curvature, which can be considered
separately for the stage before and after cracking.

k k k
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The final value of the curvature k should be interpolated
between the extreme values – determined for phase I and
II, according to the relationship (1). After taking into
account the dependencies (3)–(5), equation (1) describes
the deflection of the element in accordance with the
requirements of the standard [39] as follows:

f k l ζk ζ k1 ,s 1 eff
2

r u[ ( ) ]= + − (6)

where fs is the total deflection of the element taking into
account its own weight, external loads, and contraction,
k1 is the coefficient taking into account the method of
supporting the analyzed structure, and leff is the effective
length of the considered element according to a previous
study [39].

At the time of the occurrence of corrosion processes,
the total deflection of the RC element f will be equal to
the sum of deflections from static loads and contraction fs
as well as deflections caused by the reduction in the rein-
forcement cross-section on account of weight loss m∆ due
to the progressive electrode processes f∆ corr at time t.

f f f∆ .s corr= + (7)

The deflection of the RC element can be directly
related to the corrosion current density icorr, which is a
function of the parameters describing the influence of the
external environment, such as temperature, humidity,
and concentration of chloride ions in accordance with
analytical analysis [40,41].
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where Ab is the surface of the rod on which the electro-
chemical processes take place in the considered time t,
Cfc is the concentration of chloride ions,T is the tempera-
ture, A1 is the coefficient experimentally determined to be
2.32 according to the report by Liu [40] or A 2.351 =

according to the report by Balafas and Burgoyne [41].
The concentration of chloride ions Cfc included in equa-
tion (8), apart from the depassivation of the reinforce-
ment and the initiation of electrode processes, can be

equated with the increase in the electrical conductivity
of the porous liquid in the concrete. The influence of
humidity H is included in the concrete resistance Rc,res
described by the following relationship [41]:

R H H90.537 1 exp 5 50 1 ,c,res
7.2548[ ( ( ))]= + − −

− (9)

where H is the humidity of the area under corrosion.
According to Faraday’s law, the theoretical weight loss
of reinforcement m∆ assuming an effective electroche-
mical equivalent of reinforcing steel keff [10], can be pre-
sented in the following form:

m k i A t∆ d ,
t

0

eff corr b∫= (10)

where m∆ is the weight loss of the reinforcement, and keff
is the average value of the electrochemical equivalent
of the reinforcing steel. Assuming that the reinforcement
corrosion is uniformly distributed in the area of the ana-
lyzed reinforcement, and the loss of their mass is the same
on the side surface of the bars, the change in the reinforce-
ment diameter can be determined as follows:
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where V∆ is the volume of the analyzed reinforcement,
leff is the beams in the axes of supports equal to the length
of the reinforcement inserts, and ϕ∆ d is the diameter loss
of a single reinforcing bar. Increments in the curvature of
the element k∆ cu and k∆ cr after taking into account the
loss of bar mass m∆ progressing over time due to the
development of corrosion processes at time t according
to equation (10) will take the following form:
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The above equations cover the situation in which the
initiation of the corrosion process takes place before the
cracking of the RC element (stage I of the structure’s
operation). By building the inverse equations, one can
derive a relationship describing the corrosion current
density as a function of total deflection, which is particu-
larly important in the diagnosis of RC structures.
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where Icr is the moment of inertia of the cracked section,
and y is the distance of the center of gravity of the section
from the extreme tension fibers.
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3 Analysis of deflection

3.1 Analytical analysis

For the analysis, a theoretical simply supported beam with
the dimensions of the cross-section 250 mm × 500 mm
and the length in the axes of the supports equal to
l 4,000 mmeff = , made of C30/37 class concrete was
adopted (Figure 1). It was assumed that the beam would
be loaded with a concentrated force with the character-
istic value P 120 kN= in the middle of the span, thus
generating a characteristic bending moment equal to
M 120 kNmEk = . Tensile reinforcement of a beam was
adopted from 5 bars with a diameter of ϕ 16 mmd = .
The top (compression) and transverse reinforcement in
the form of stirrups were omitted for theoretical calcula-
tions. It was assumed that the concrete cover was equal
to c 40 mmnom = , which defined the center of gravity of
the tensile reinforcement at a distance a 48 mm1 = from
the lower edge of the beam (bars arranged in one row)
(Figure 1).

Influence of corrosion of reinforcing steel was taken
into account using the actual results of measuring the
current intensity during the so-called accelerated corro-
sion test performed within the framework of the study
[10]. The average value of changes in current intensity
Icorr, obtained from four analyzed samples, for which
measurements were made, was used for the calculations.
This value was rescaled in the proportion of the side sur-
face of the reinforcement, on which the possible course of
the electrode processes was assumed (scale factor
k 160s = ). Eventually, the history of changes in the cur-
rent intensity during the experiment took the form
presented in the graphs (Figure 2). Then, according to
Faraday’s law, the theoretical weight loss of the reinfor-
cement was calculated (Figure 2a) assuming the effec-
tive electrochemical equivalent of reinforcing steel
keff 0.006271 g μA year( )= / ⋅ according to the report by

Krykowski et al. [10] in accordance with the relationship
(10). Then, assuming the steel density to be equal to the
iron density ρ 7,850 kg mFe

3
= / , the course of changes in

the loss of the tension reinforcement surface area was
determined in accordance with equation (11) (Figure 2b).

Deflection calculations were performed assuming the
same amount of bending moment over time t 622 h= ,
which corresponded to the time interval of the analysis
of experimental samples under the accelerated corrosion
test described by Krykowski et al. [10]. The changes in
the diameter of reinforcing bars calculated according to
equation (12) were related to the change in the deflection
value of the analyzed beam (equation (9)) without taking
into account the creep effect. Due to the very short ana-
lysis time, it was assumed that the influence of creep is
negligible. The list of parameters of concrete and reinfor-
cing steel adopted for the calculations is presented in
Table 1.

3.2 Numerical analysis

FEM analysis was performed using the GID-Atena system.
Using the symmetry of the test element, only half of the
beamwas modeled in order to reduce the number of finite
elements and nodes. The whole beam was discretized
with 105 linear finite elements and 92 hexagonal solid
elements, generating 920 nodes. The test element was
articulated and then loaded with a force of 120 kN in
the middle of the theoretical span in accordance with the
assumptions made for the analytical calculations (Figure 3a).
Steel elements measuring 100mm × 250mm and 50mm
thick were modeled at the fulcrum and load was applied to
increase the pressure zone and uniform stress distribution.

The loss of reinforcement mass in the considered
time period due to corrosion processes was simulated
by a change in the diameter of the reinforcing bars (equa-
tion (11)) in the next 10 calculation steps. The course of

Figure 1: Diagram of the theoretical beam accepted for analysis.
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changes in the cross-sectional area of the reinforcement due
to the progressing corrosion process is presented in the
diagram (Figure 2b), including the analytically calculated
reduction in the cross-sectional area of the reinforcement.

The sum of the mass of the elevated iron ions in the next
10 calculation steps was the total weight loss of the reinfor-
cement determined according to equation (10) after the
theoretical time t 622 h= . The computer analysis was
performed using the elastic-plastic-brittle concrete model
CC3DNonLinCementitious2 applied in the GID-Atena calcu-
lation system. In terms of tensile stresses, the Rankine cri-
terion was used, while in other cases, the Menetrey-William
model was used. Themechanical parameters of the concrete
were determined in accordance with the software manual
for concrete class C30/37. In order to stabilize the results
and improve the convergence of the calculations, the
possibility of aggregate interlock, shear factor, and the
parameter including tension stiffening were adopted.
Reinforcement bars were defined as linear elements with
the CCReinforcement model in the system (elastic-plastic
without reinforcement). The auxiliary steel elements were

a) b)

0

2000

4000

6000

8000

10000

12000

14000

0

200

400

600

800

1000

1200

1400

1600

1800

2000
0

10
0

20
0

30
0

40
0

50
0

60
0

I co
rr

, µ
A

Δ
m

, g

t, h

Δ m.analitycal
Δm.FEM
Icorr

0

2000

4000

6000

8000

10000

12000

14000

9,2

9,4

9,6

9,8

10

10,2

0

10
0

20
0

30
0

40
0

50
0

60
0

I co
rr

, µ
A

Δ
A

s1
.p

ro
v,

 c
m
2

t, h

ΔAs1.analitycal
ΔAs1.FEM
Icorr

Figure 2: The course of changes as a function of the corrosion current Icorr: (a)weight loss of the analyzed beam reinforcement and (b) loss of
the analyzed reinforcement area.

Table 1: Material characteristics of concrete and reinforcing steel
adopted for analytical calculations

Concrete C30/37

Young’s modulus, E GPa( ) 32

Poisson’s ratio, v 1( ) 0.2

Medium tensile strength, fctm MPa( ) 2.9

Reinforcing steel B500SP

Young’s modulus, E GPa( ) 200

Poisson’s ratio, v 1( ) 0.3

Characteristic yield point of steel, fyk MPa( ) 500

Figure 3: Beam accepted for numerical analysis: (a) static diagram and (b) the result of the numerical analysis in the form of a map of the
beam deflection changes.
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modeled using the Huber-Mises-Hencky elastic-plastic
material (CC3D Bilinear steel Von Mises). The material
parameters adopted for the FEM analysis are summar-
ized in Table 2.

4 Results

As a result of the numerical analysis, the course of
changes in the deflection of the RC element during the
progressive corrosion of the reinforcement was obtained,
which was compared with the results of analytical calcu-
lations (Figure 4).

In the initial stage (immediately before the theore-
tical development of corrosion processes), only due to
external loads and shrinkage, the deflection calculated
by the analytical method was f 8.86 mm0.analitycal = .
After the theoretical time of 622 h of the accelerated cor-
rosion test, the deflection of the RC element was calcu-
lated, which resulted in f 9.14 mm1.analitycal = . Therefore,
the difference in the beam deflection resulting solely
from the progress of corrosion processes was equal
to f∆ 0.28 mmanalitycal = . The initial deflection of the
beam, determined based on the numerical analysis,
was f 8.87 mm0.FEM = , while after exceeding the theore-
tical duration of the corrosion process f 9.13 mm1.FEM = .
Thus, the numerical analysis showed the difference in
beam deflections equal to f∆ 0.26 mmFEM = . The obtained

results of the calculations were the basis for the determi-
nation of the current Icorr and the current density icorr,
which were determined in two approaches. In the first,
on the basis of the results of analytical calculations, and
in the second, on the basis of the results of numerical
analysis with the use of FEM. In the first stage, on the basis
of the history of the deflection changes in time, the curva-
ture of the element was determined, and then, in accor-
dance with equation (13), the course of changes in the
current intensity and its intensity density were deter-
mined. In the second approach, the results of numerical
analyzes were the basis for determining the desired quan-
tities. The results of the analysis are summarized in the
form of the evolution of the changes in the current inten-
sity Icorr (Figure 5a) and the current density icorr (Figure 5b)
during the accelerated corrosion test according to Kry-
kowski et al. [10].

5 Discussion

The obtained results of the estimated value of the corro-
sion current Icorr and the current density icorr in the
analytical approach fully coincide with the history of
changes in these values, which are the starting point
for the calculation of deflections according to the rescaled
value in accordance with the work [10]. This proves the
correctness of the calculations made and the possibility
of using inverse equations to determine the corrosion
current and the current density. The beam deflection
simulations with the use of FEM confirmed the correct-
ness of the calculated deflections in the analytical
method. The applied division of the course of changes

Table 2: Material characteristics of concrete and steel adopted for
the FEM analysis

Concrete C30/37

Young’s modulus, E GPa( ) 32

Poisson’s ratio, v 1( ) 0.2

Medium tensile strength, fctm MPa( ) 2.9

Fracture energy, Gf kN m( )/ 0.0422

Minimum crack spacing, a mmcrack ( ) 200

Maximum size of the aggregate, d mmagg ( ) 16

Shear factor, 1( ) 20

Tension stiffening, 1( ) 1

Reinforcing steel B500SP
Young’s modulus, E GPa( ) 200

Poisson’s ratio, v 1( ) 0.3

Characteristic yield point of steel, fyk MPa( ) 500

Hardening modulus, HM GPa( ) 10

Steel S235 (support elements)
Young’s modulus, E GPa( ) 200

Poisson’s ratio, v 1( ) 0.3

Characteristic yield point of steel, fyk MPa( ) 500
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Figure 4: The course of changes in beam deflection under the
influence of corrosion of reinforcing steel.
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in the intensity of the corrosion current can be equated
with the cyclical manual measurement of the deflection
of the RC element in in situ conditions. The interval esti-
mated evolution of changes in the corrosion current
intensity and current density very well reflects the actual
parameters occurring in the element. The accuracy of the
results is determined by the number of intervals deter-
mined by the frequency of real deflection measurements.
Although the most accurate would be the continuous
measurement of deflection, the proposed method shows
satisfactory results for cyclic measurements. The essence
of the presented approach is to maintain a very high
degree of diligence in measuring the deflection of the
actual structure and to determine the external loads
and shrinkage, for which there is an initial deflection
without the influence of reinforcement corrosion. The
differences between the deflection in the state before
the corrosion processes initiate and the deflection in the
corroded state of the reinforcement are small. However,
remembering what the corrosion process affects, i.e. not
only the loss of the bar mass, and thus a decrease in the
amount of reinforcement in the element, but also a
change in the yield strength of the reinforcing steel and
a change in the adhesion forces at the contact between
steel and concrete the actually expects greater differences
in the analyzed deflections. These aspects were not taken
into account at this stage, but it was planned during the
development and improvement of the proposed method.
The second issue that was planned to be taken into
account at the stage of development of the proposed
method is the analysis of the uneven distribution of areas
within which corrosion processes take place and the

discrepancies in their intensity. The proposed method
may be the first stage in the diagnosis of possible corro-
sion processes and constitute the basis for taking further
steps in advanced structure diagnostics. The presented
method is based solely on the theoretical analysis of ana-
lytically calculated deflections and then verified with the
use of FEM, which makes it fully theoretical. At a later
stage, it is necessary to undertake an experimental verifi-
cation of the proposed method on the basis of full-size test
elements in laboratory conditions (beams, plates) and mea-
surements of the actual structure deflections. A separate
research problem related to the deflection of RC elements
are the changes in the Young’s modulus of the reinforcing
steel subject to corrosion processes and the adhesion forces at
the interface between steel and concrete, the results of which
are also planned to be included in the further development of
the proposed method.

6 Conclusion

• The article presents an attempt to apply the analysis of
deflection of RC elements in order to initially estimate
the value of the corrosion current Icorr and the current
density icorr, which is a new, original element of ana-
lysis not previously undertaken in the research envir-
onment of the subject. The presented results of the
analytical and numerical calculations provide the basis
for the following conclusions.

• The presented method reflects the real electrical parameters
of the corrosion process very well. This is confirmed by the
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Figure 5: Estimated history of: (a) current Icorr and (b) current density icorr.
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verification of the calculation obtained with the use of
inverse equations based on the deflection curvature of the
test element and described in Section 2 of this article of the
evolution of changes in the intensity of the corrosion current
Icorr based on the initially assumed course of changes of this
value. The performed calculations show that it is possible to
estimate the corrosion current density on the basis of the
deflection of RC elements affected by environmental
aggression.

• The application of the FEM analysis allowed in the first
stage to verify the calculated deflections with the ana-
lytical method. Second, the interval assumption of the
weight loss of the reinforcement reflected the cyclic
measurements of the deflection of the RC element in
finite time intervals. The results presented in the charts
(Figure 5) indicate the possibility of using cyclic deflec-
tion measurements to estimate the parameters sought
with a satisfactory result, which are burdenedwith small
errors resulting directly from the assumption of cyclical
deflection measurements of the analyzed beam.

• The presented analysis is theoretical with the use of
analytical calculations, subsequently confirmed by a
numerical method. It should be verified on the basis
of test elements in laboratory conditions and measure-
ments of the deflections of the existing structures. An
additional element subject to further research is the
extension of the proposed methodology with aspects
related to the possible change in the Young’s modulus
of the reinforcing steel, changes in the adhesion at the
interface between steel and concrete, or differentiation
and taking into account the uneven distribution of
areas affected by corrosion processes.
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