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Analysis of Mechanical Behavior of Corroded Reinforced 
Concrete Structures
by Kamyab Zandi Hanjari, Per Kettil, and Karin Lundgren

This paper presents a methodology to analyze the mechanical 
behavior and remaining load-carrying capacity of corroded 
reinforced concrete (RC) structures. The methodology is used to 
predict the mechanical behavior for a structure with an observed 
amount of uniform and pitting corrosion at a given time. The effect 
of corrosion is modeled as a change in geometry and properties 
of corroded reinforcement and surrounding concrete—that is, a 
reduction of steel area and ductility, removal of spalled concrete, 
modification of concrete response due to corrosion cracks, and 
modification of bond-slip properties. The methodology is applied 
to concrete beams affected by reinforcement corrosion, using both 
finite element analyses and analytical methods. A comparison of 
the results with available experiments from the literature indicated 
that the changes in failure mode and failure load caused by uniform 
and pitting corrosion of reinforcement can be predicted reasonably 
well by using the proposed methodology.

Keywords: bond properties; corrosion of reinforcement; existing concrete 
structures; load-carrying capacity; material properties. 

INTRODUCTION 
There is a growing need for reliable methods to predict 

the load-carrying capacity and remaining service life of 
deteriorated reinforced concrete (RC) structures as a decision 
basis for optimized maintenance and repair strategies.1,2 In 
an ongoing research project, the load-carrying capacity of 
deteriorated RC structures is studied. The part of the project 
presented herein is focused on deterioration due to the 
corrosion of reinforcement.

The corrosion of steel reinforcement is one of the most 
common causes of deterioration of RC. The corrosion process 
transforms steel into rust, leading to 1) an area reduction 
of the reinforcement bars; and 2) volume expansion that 
generates splitting stresses in the concrete, which may crack 
and spall the concrete cover and affect the bond between the 
reinforcement and the concrete.3-6

Previous research has been mainly concerned with the 
causes and mechanisms of reinforcement corrosion and the 
local effects on bond around a single reinforcement bar.7,8 

Relatively little attention has been devoted to the practically 
important problem of assessing the residual load-carrying 
capacity of corroded concrete structures, however; this has 
been studied by few researchers.4,9,10 The aim of this study is 
to present a methodology to analyze the mechanical behavior 
and remaining load-carrying capacity of corroded RC 
structures. The effect of corrosion is modeled as a change in 
geometry and properties—that is, the reduction of steel area, 
removal of spalled concrete, and modification of bond-slip 
properties. The modification of bond-slip properties is based 
on previous research, where a detailed three-dimensional 
(3-D) solid finite element (FE) model has been developed 
and used to determine the one-dimensional (1-D) bond-slip 
response for corroded reinforcement.11-14 The methodology 
is intended for use at different approximation levels—for 

example, from full 3-D solid models, intermediate shell and 
frame models, and beam models to analytical calculations, 
depending on the means available and requirements of the 
results. In this study, the methodology is applied in two-
dimensional (2-D) FE analysis and analytical calculation of 
the residual capacity of corroded RC beams.

RESEARCH SIGNIFICANCE
This paper presents a methodology to evaluate the 

mechanical behavior of corroded RC structures. The principle 
of the methodology is that the effect of damage can be modeled 
by adapting material properties and modifying the bond 
properties and geometry. Suggestions for adjusting the material 
properties of corroded reinforcement and concrete given by 
other researchers were gathered and put into a framework. 

One important feature of the work is the application of a 
simple analytical model to predict the bond-slip behavior of 
corroded bars, which is used as input in structural analysis 
to assess existing structures. Another feature of the work is 
the effort made to show the effect of pitting corrosion on the 
capacity of corroded beams; a method to include this effect 
in an FE model is also suggested in this paper.

METHODOLOGY FOR ANALYZING MECHANICAL 
BEHAVIOR OF CORRODED RC

In the following, a methodology to analyze the mechanical 
behavior and remaining load-carrying capacity of corroded 
RC structures is proposed. The methodology is based on 
the premise that the methods of structural analysis in use 
for concrete structures should be applied to the corroded RC 
structure. It is assumed that the effect of corrosion can be 
modeled as a change in geometry and material properties of 
the concrete, the reinforcement, and the interface:

1. Concrete: (a) removal of spalled concrete by changing 
the concrete geometry; and (b) modification of the properties 
of the cracked concrete around the corroded reinforcement.

2.  Corroded longitudinal reinforcement and stirrup (uniform 
and/or pitting corrosion): (a) change of reinforcement area; 
and (b) change of reinforcement ductility.

3. Reinforcement/concrete interface: modification of 
bond properties.

Concrete 
The corrosion process transforms steel into rust, leading 

to volume expansion that generates splitting stresses in the 
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concrete. These stresses may cause the surrounding concrete 
to crack. In regions with low levels of confinement, the 
concrete cracks and the concrete cover spalls off, whereas in 
regions with high levels of confinement, the concrete cracks 
and the uncracked parts in between the cracks contributes to 
the stiffness and load-carrying capacity. 

It is clear that the change in concrete geometry affects the 
stiffness and strength of the structure and must be taken into 
account. The extent and depth of the spalled areas should 
be measured and documented. The geometry used in the 
analysis should then be modified accordingly. In regions 
with high confinement, cracked concrete under compression 
exhibits lower strength and stiffness than virgin concrete, 
and the compression-softening effect is related to the degree 
of transverse cracking and straining present,15 as illustrated 
in Fig. 1. This significantly influences the strength, ductility, 
and load-deformation response of a concrete element. The 
reduced concrete strength can be calculated by using the 
following equations4

(1)
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where wcr can be estimated by16

w u v xcr i cor rs= = −∑ ⋅, ( )2 1π (3)

where fcc is the compressive strength of virgin concrete; k is 

a coefficient related to bar roughness and diameter (k = 0.1 
for medium-diameter ribbed bars17); ecco is strain at the peak 
compressive strength fcc; e1 is average tensile strain in the 
cracked concrete perpendicular to the direction of the applied 
compression; b0 is the undamaged beam section width; n is 
the number of reinforcement bars in the compression zone; 
wcr is the crack width for a given corrosion penetration x; 
ui,cor is the opening of each single corrosion crack; and vrs is 
the ratio of volumetric expansion of the oxides with respect 
to the virgin material.

The expansion of the iron depends on the level of 
oxidation.18 The ratios of volumetric expansion of different 
typical oxides with respect to the virgin material given in the 
literature19 varies between vrs = 1.7 for FeO and vrs = 6.15 
for Fe(OH)33H2O. While the value of vrs = 2.0 suggested 
by Molina et al.16 is frequently used in numerical analysis 
of corroded concrete,4,8,11-14 Bhargava et al.20 proposed 
a value of vrs = 3.39357 based on the available published 
experimental data. In this study, the value of vrs = 2.0 was 
chosen for all the analyses, except for one analysis in 
which two values—that is, vrs = 2.0 and 3.4—are used for 
comparison.

Cracked concrete around corroded stirrups influences the 
shear capacity of a beam. If the concrete in this region has 
been cracked due to corrosion, it has reached the maximum 
tensile strength of concrete. Thus, any further tensile stress 
induced by mechanical loading will contribute towards a 
larger crack opening. Hence, the behavior of concrete around 
corroded stirrups can be simulated by adopting a lower 
tensile strength, as illustrated in Fig. 1. Here, a simplifying 
assumption was used to reduce the tensile strength 
proportionally to the reduction in compressive strength

f
f

f
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cc cracked

cc
ct,

,= (4)

where fct is the tensile strength of virgin concrete.

Uniformly corroded reinforcement
The reduction of the effective reinforcement area, or 

diameter, is the most evident effect to take into account for 
uniform corrosion. This is done as follows

φ φ= −0 2x (5)

where φ is the remaining effective diameter of the 
reinforcement; φ0 is the original diameter; and x is the 
corrosion (rust) penetration.

The reduction of the reinforcement diameter is most 
accurately obtained by direct measurements. On a corroded 
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Fig. 1—Schematic illustration of methodology applied on typical FE model.
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structure, parts of the concrete cover might have spalled off, 
and the remaining bar diameter could then be measured on 
the exposed bars after removal of the rust layer. For less 
corroded structures where the cover has not yet spalled off, 
small parts of the cover could be removed at noncritical 
locations and afterwards repaired. An alternative to direct 
measurements is to calculate an estimation of the corrosion 
penetration based on the corrosion rate and time of corrosion 
initiation. The reinforcement in the analysis model should 
then be modified accordingly.

Several studies investigated the effect of uniform 
corrosion on the mechanical properties of reinforcement. 
The strength ratio and elastic modulus of reinforcement 
are not significantly affected by uniform corrosion, and 
consequently the corresponding values for noncorroded 
reinforcement can be adopted.21 The level of reinforcement 
corrosion does not influence the tensile strength of 
reinforcement, calculated on the actual area of cross 
section,21-23 while the ultimate strain is significantly reduced 
by uniform corrosion. Although the measured ultimate strain 
of corroded smaller-diameter reinforcement was generally 
smaller than those of corroded larger bar diameter, the 
observed differences were not greater than 5%. Hence, the 
reduction of ductility of corroded reinforcement is primarily 
a function of the amount of corrosion rather than of the bar 
type and diameter.21

Practical models for the residual ductility of corroded 
reinforcement are confined to empirical correlations with 
a cross-sectional loss of the corroded reinforcement. Such 
relationships have been presented in different forms, such 
as Eq. (6)23

ε α εsu cor suA= −( )1 1 0
(6)

where esu is the ultimate strain of corroded reinforcement, 
with the average cross-sectional loss of Acor expressed as a 
percentage of the original cross section; esu0 represents the 
ultimate strain of noncorroded reinforcement; and a1 is an 
empirical coefficient.

Depending on different exposure environments, carbonation, 
or chlorides, the reported a1 coefficient varies from 0 to 0.06. 
An a1 coefficient of 0.01 corresponds to a situation when the 
reduction in ductility is proportional to the average cross-
sectional loss. A summary of the a1 coefficient determined 
from various experimental investigations is available in the 
literature.23,24

Pitting corrosion of reinforcement
The residual cross-sectional area of locally corroded 

reinforcement was first estimated with the experimentally 
verified assumption that the maximum penetration of pitting 
corrosion is approximately four to eight times the average 
corrosion penetration of uniform corrosion.25 Measurements 
on relatively lightly corroded reinforcement23 showed that 
the breadth of pits averaged slightly less than twice the depth, 
confirming the assumption of the circular cross section of 
pits. Based on this assumption, the cross-sectional loss at 
a pit increases approximately in proportion to the square of 
its depth. In this study, the pit configuration proposed by 
Val and Melchers26 is used to calculate the residual area of 
locally corroded reinforcement.

The notch effect in a locally corroded reinforcement 
induces large and localized strain in the bar. Because the 

length of the bar affected by pitting corrosion is short, 
approximately two times the bar diameter in total,27 the 
average strain of the bar is smaller than the local strain at 
the pit. Hence, the bar fails at an average strain smaller than 
the ultimate strain of the noncorroded bar4,21 and the average 
ductility of the bar is impaired. Very brittle behavior is 
expected when 50% of the cross section of the reinforcement 
is locally corroded.28 The ultimate strain of locally corroded 
reinforcement reduces much more significantly than the 
yield and ultimate strengths.21,27,29 In practice, the effect of 
pitting corrosion on the ductility of reinforcement can also 
be treated similarly to uniform corrosion, using Eq. (6) and 
choosing a correct value of the a1 coefficient.

Reinforcement-concrete interface
The splitting stresses in the corroded concrete may crack 

and spall the concrete cover and affect the bond-slip between 
the reinforcement and the concrete. In severe cases, this could 
lead to a brittle collapse of the structure, and hence the change 
in bond properties must be taken into account in the analysis.

Areas with spalled-off concrete covers and the corrosion 
penetration of corroded bars should be measured and 
documented, as stated previously. In addition, crack patterns 
that indicate splitting of the cover should be measured and 
documented. The bond properties of the analysis model 
should then be modified accordingly. The modification could 
be made using the method proposed in Lundgren et al.30 The 
method is based on research presented in the literature11-13 and 
the 1-D bond-slip model of CEB-FIP Model Code 1990.31 

A brief description of the method is given in the following 
section. This procedure can be applied to solid and structural 
analysis models where the bond-slip between the concrete and 
reinforcement is modeled by 1-D bond-slip interface elements, 
such as in the analyses presented in this paper. For simpler 
structural analysis models where the bond-slip is not directly 
incorporated in the model, it is proposed that the procedure 
described30 can be applied to calculate anchorage length. 
Either the capacity of the reinforcement is then adjusted in the 
anchorage region or the anchorage is checked manually.

Modification of bond-slip behavior
In locations where the concrete cover has completely spalled 

off, the assumption is made that the bond strength is zero. In 
other areas where the cover still remains (but may be cracked), 
the bond-slip properties could be based on the following:

1. The bond strength tb versus slip s, curves, and 
parameters of CEB-FIP Model Code 199031 are adopted 
for the uncorroded case. To account for intermediate cases 
in between the extreme cases “confined” (that is, ductile 
pullout failure) and “unconfined” (that is, brittle failure due 
to cover cracking induced by the radial tensile stress), the 
following interpolation formula is proposed.30

τ τ τb uncor b conf uncor b unconfk k= + −, ,( )1 (7)

The interpolation factor is determined by

k
k

k
uncor

c

Asw

=

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
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where kc/f is a factor that depends on the ratio of cover to bar 
diameter c/f; and kAsw is a factor that depends on the amount 
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give a well-defined force in the reinforcement bar (Fig. 3). 
In addition, the bar was only bonded to the concrete over 
a short length to get a rather uniform bond stress. During 
the tests, the load, the midspan deflection of the beam, 
and the slip at the passive ends of the reinforcing bar were 
measured. Test results were reported for 0, 1.2, 2.4, and 
4.8% corrosion, corresponding to 0, 50, 100, and 150 mm 
corrosion penetration on the tested f14 bar; the stirrups were 
not corroded. More details of the beam tests are given by 
Coronelli.32

FE analysis
Following the suggested methodology, the effect of 

reinforcement corrosion was modeled as a change of 
reinforcement diameter and by modifying the bond-slip 
properties according to the methodology. The effect of 
corrosion on the ductility of the reinforcement and the 
cracking of concrete around the corroded reinforcement bars 
were not considered, being of minor importance as all the 
beams failed due to anchorage. 

The beam was modeled in 2-D and, due to symmetry, 
only half of the beam was modeled. The dimensions, 
reinforcement, support conditions, and loading arrangement 
are shown in Fig. 3. In the tests, steel plates and roller 
bearings were used at the supports. In the FE model, the steel 
plate was modeled as infinitely stiff by constraint equations. 
The FE nodes along the plate were tied to the center node, 
thus forcing the nodes to remain in a straight line but 
allowing for rotation. The center node was supported for 
displacement in the y-direction. At the symmetry line, the 
special hinge arrangement in the test was modeled by a steel 
plate with one node in the middle fixed in the x-direction. 
The reinforcement bar node was also fixed in the x-direction.

For the concrete, four-node quadrilateral plane stress 
elements were used. The concrete was modeled with a 

of effective transverse reinforcement Asw/s, according to 
Fig. 2(a).

2. The effect of corrosion is taken into account by adjusting 
the CEB-FIP Model Code 199031 bond-slip curves as 
follows: 

(a) The amount of transverse reinforcement Asw/s is 
reduced due to corrosion of the transverse reinforcement;

(b) The bond-slip curve of the corroded bar is obtained by 
shifting (moving) the curve for the uncorroded bar along the 
slip axis by the distance

∆s ax= (9)

where a is assumed to be a constant; and x is the corrosion 
penetration. This was suggested by Schlune13 (refer 
also to Lundgren et al.14 The constant a was found to be 
approximately 8.1 for the analyzed cases; this is used in the 
analyses described in this paper.

(c) To account for the possible change in the failure 
mode due to corrosion from pullout to splitting failure, the 
parameters for the bond-slip curve in the corroded case 
are obtained by interpolation of the parameters of the 
uncorroded case.

τ τ τb cor b conf cor b unconfk k= + −, ,( )1	 (10)

The factor kcor depends on the ratio x/xcr, where xcr is 
the corrosion level that cracks the cover (Fig. 2(b)). The 
corrosion penetration that causes cover cracking has been 
found by curve fitting to analysis results from the detailed 
3-D model,12 as given by the following formula

x
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where xcr is the corrosion level that cracks the cover in mm 
(in.); fcc is the concrete compressive strength in MPa (psi); 
c is the concrete cover in mm (in.); and Ø is the reinforcement 
bar diameter in mm (in.). In regions where cover cracking 
has been observed in the structure, the ratio x/xcr should be 
set to 1.

ANALYSES OF BEAMS WITH ANCHORAGE 
FAILURE TESTED BY CORONELLI32

The proposed methodology was applied to analyze the 
load-carrying capacity of beam tests where pullout failure 
was limiting. Nonlinear FE analyses were performed to 
model the beam tests and the results were compared with 
the experiments.

Experimental setup
Coronelli32 tested the bond-slip behavior of uncorroded 

and corroded reinforcement by using a four-point bending 
test on a beam with a hinge arrangement in the middle to 

Fig. 2—(a) Interpolation factor30; and (b) failure mode 
factors.30 

Fig. 3—Test setup of beams tested by Coronelli.32
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agrees fairly well for all cases, but differences are visible in 
the post-peak behavior for some of the beams.

It is worth noting that the maximum load decreases from 
75 kN (16.9 kips) for the uncorroded beam to 65 kN (14.6 kips) 
for the beam with 150 mm (0.0059 in.) corrosion penetration 
in both experiments and analyses. This corresponds to a fairly 
high load capacity of the corroded beam—approximately 
87% of the load capacity of the reference beam. For a rather 
low amount of corrosion, the radial stresses between the 
bar and concrete increases due to the increase in the bar 
diameter. This may lead to a slightly higher load capacity 
of the corroded beams; however, further corrosion will lead 
to development of longitudinal cracking and a reduction in 
load capacity.3 This type of behavior is seen in the beam 
tests but is not included in the 1-D bond-slip law. Therefore, 
successive deterioration of the load capacity is achieved in 
the analysis with an increased amount of corrosion attack. 

The beam tests also show a rather high residual load 
capacity after the failure takes place; this agrees very well 
with what is estimated in the FE analysis. After all, this 
analysis and the comparison made with the beam tests carried 
out by Coronelli32 are useful, mainly to verify the proposed 
methodology for the given corrosion levels. Therefore, further 
verification of the 1-D bond-slip model and the proposed 
methodology is needed for higher corrosion attacks.

ANALYSES OF BEAMS WITH BENDING AND 
SHEAR FAILURE TESTED BY RODRIGUEZ ET AL.1

Rodriguez et al.1 tested the influence of reinforcement 
corrosion on RC beams loaded in four-point bending. 
During the tests, the load and the midspan deflection of 
the beam were measured. Test results were reported for 
different beam dimensions and reinforcement arrangements 
to produce different failure modes, and always for one 
reference specimen and some corroded specimens with 
different corrosion levels.

Experimental setup
Four of the beams with curtailed reinforcement were 

analyzed using the proposed methodology, both in the FE 
analysis and with analytical methods. Uncorroded Beam 112 
and Corroded Beam 113 with 490 mm (0.01911 in.) corrosion 
penetration were under-reinforced and failed in bending due 
to yielding of reinforcement. The other two beams had twice 
as much tensile reinforcement as the first beams; half of the 
reinforcement was curtailed at a distance 250 mm (9.75 in.) 
from the end of the beam (Fig. 5). The noncorroded beam 
with a high reinforcement amount, Beam 132, failed due to 
combined bond and shear effects, whereas the corroded one 
with 430 mm (0.01677 in.) corrosion penetration, Beam 135, 
failed in shear only.

FE analysis
The corroded beams were modeled considering the effect of 

reinforcement corrosion by reducing the reinforcement area 
and ductility, assuming both uniform and pitting corrosion. 
Also included were the response of cracked concrete around 
the corroded reinforcement and the modified bond-slip 
properties according to the methodology. The beams were 
modeled in 2-D and, due to symmetry, only half of a beam 
was modeled (Fig. 5). The principal aspects of the FE model 
and material law for concrete in tension were the same as 
the model of the beams tested by Coronelli.32 The concrete 
material properties are given in Table 1. 

constitutive model based on nonlinear fracture mechanics 
using a smeared rotating crack model based on total strain.33 

The crack band width was assumed to be equal to the element 
size (5 mm [0.2 in.]). For the tension behavior of concrete, 
the curve by Hordijk et al.34 with fct = 2.77 MPa (402 psi) 
was chosen, as described in the literature.33,34 For concrete in 
compression, a simple elastic ideal-plastic behavior with 
fcc = 36 MPa (5220 psi) was assumed. 

The longitudinal reinforcement was modeled by two-
node truss elements assuming uniform corrosion. The 
effective diameter of the bar was adjusted with respect to 
the corrosion penetration according to the methodology. 
The interaction between the reinforcement and the concrete 
was modeled with an interface element with a 1-D bond-
slip law, as described in the methodology. The stirrups 
were embedded in the four-node quadrilateral plane stress 
elements, corresponding to perfect bond between the 
stirrups and the surrounding concrete. An incremental static 
analysis was performed using a Newton-Raphson iterative 
scheme to solve the nonlinear equilibrium equations. In a 
phased analysis, the self-weight load was applied first. 
Then, the external load was gradually applied as prescribed 
displacement at the loading point.

Results and discussion	
Figure 4 shows comparisons between the computed and 

measured results for the beam tests with different corrosion 
penetrations. All beams failed due to pullout failure in both 
experiments and analyses. The initial stiffness for the beams 
agrees very well for all cases. Also, the maximum load 

Fig. 4—Load versus displacement for beams tested by 
Coronelli.32 (Note: 1 mm = 0.039 in.; 1 kN = 0.225 kips.)

Fig. 5—2-D model of beams tested by Rodriguez et al.1 

(Note: 1 mm = 0.039 in.)
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using a plasticity model based on the yield function of Von 
Mises. The yield and ultimate values of stresses and strains 
are inputs to the plasticity model, allowing for further 
adjustment of the ductility of corroded reinforcement. The 
ultimate strain of the reinforcement was modified using 
Eq. (6) with an a1 coefficient equal to 0.017 and 0.06 for 
uniform and pitting corrosion, respectively. The uniformly 
corroded reinforcing bar exhibited approximately 50% of 
the ultimate strain of a noncorroded reinforcing bar. The 
ultimate stress was assumed to be equal to the yield stress. 
Pitting spots, assuming to affect a length of stirrup equal 
to twice the stirrup diameter,27 were distributed randomly 
on the stirrups so that 10% of the total stirrups’ length was 
affected. This allowed for two spots of pitting corrosion on 
each stirrup. The place of the pitting corrosion on the stirrup 
was determined using the random function in MATLAB, 
generating a uniform distribution of random numbers. 
The measured pitting corrosion of tensile reinforcements 
was reported for the midspan,1 zone of the constant 
bending moment; therefore, the reinforcement properties 
were adapted accordingly. The interaction between the 
reinforcement and concrete was modeled as described in 
the methodology.

For concrete in compression, to enable a better description 
of the concrete compression failure mode, it was necessary 
to include the hardening of concrete in compression and to 
include a descending branch of the stress-strain curve. Here, 
the hardening-softening curve in compression according to 
Thorenfeldt et al.35 was applied. When this relationship is 
used, localization of the deformations in compressive failure 
needs to be taken into account. Van Mier36 showed that the 
compression-softening behavior is related to the boundary 
conditions and the size of the specimen. Consequently, as 
the Thorenfeldt et al.35 compression curve has been defined 
from measurements in compression tests on 300 mm (11.7 in.) 
long cylinders, the softening branch was modified for the 
concrete element size of 20 mm (0.78 in.). This was done 
by assuming that the compressive failure would take place 
in one element row. This assumption was later verified in 
the analysis.

The effect of cracking around corroded compressive 
reinforcement and stirrups was considered using the 
principles described in the methodology. The cross-
sectional area of the corroded reinforcements was modified 
according to the measured residual reinforcing bar diameter 
(Table 2). The behavior of the reinforcement is defined 

Beam name Corrosion status

Concrete
Virgin Cracked I* Cracked II†

fcc, MPa fct, MPa GF, N/m Ec, GPa fcc,vrs = 2, MPa fcc,vrs = 3.4, MPa fct,vrs = 2, MPa fct,vrs = 3.4, MPa

Beam 112 Noncorroded 49.9 3.62 92.4 34.97 NA‡ NA‡ NA‡ NA‡

Beam 113 Corroded 36.8 2.82 74.7 31.60 11.29 5.75 0.87 0.44

Beam 132 Noncorroded 51.9 3.73 95.0 35.44 NA‡ NA‡ NA‡ NA‡

Beam 135 Corroded 37.9 2.89 76.2 31.91 11.63 5.92 0.89 0.45
*Cracked concrete around corroded compressive reinforcement.
†Cracked concrete around corroded strips.
‡NA is not available.
Notes: 1 MPa = 145 psi; 1 N/m = 0.74 ft·lbf; 1 GPa = 145 ksi.

Table 1—Concrete material properties used in analyses

Table 2—Residual cross-sectional area of reinforcements

Beam name Corrosion status
Bottom reinforcement Top reinforcement Stirrup
f, mm Area, mm2 f, mm Area, mm2 f, mm Area, mm2

Beam 112 Noncorroded 10.0 78.5 8.0 50.24 6.0 28.26

Beam 113
Uniform corrosion 9.02 63.87 6.92 37.59 5.02 19.78

Pitting corrosion 8.70 76.03 NS* NS* 2.1 11.30

Beam 132 Noncorroded 12.0 113.04 8.0 50.24 6.0 28.26

Beam 135
Uniform corrosion 11.14 97.42 6.92 37.59 4.94 19.16

Pitting corrosion 10.4 109.30 NS* NS* 1.5 7.30
*NS is not specified.
Note: 1 mm = 0.039 in.

Fig. 6—Load versus displacement for beams tested by Rodriguez et al.1: (a) Beams 112 and 
113; and (b) Beams 132 and 135. (Note: 1 mm = 0.039 in.; 1 kN = 0.225 kips.)
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observed in the experiment and FE analysis of Corroded 
Beam 135. Although the corrosion affected the anchorage 
capacity of the corroded beam, the severe corrosion of stirrups 
reduced the shear capacity of the beam to a larger extent.

Different combinations of uniform and pitting corrosion 
for Corroded Beam 135 were examined and the results 
are shown in Fig. 7(b). In the analysis when pitting 
corrosion alone was introduced to all critical reinforcement 
sections, the capacity of the beam was underestimated, 
seeing as though only 60% of the capacity was observed 
in the experiment. Considering only uniform corrosion 
overestimated the capacity, indicating that the notch effect 
caused by pitting corrosion may limit the ductility and 
capacity of the beam to some extent, which is not negligible. 
The result of the analysis, which considered both uniform 
corrosion and pitting corrosion randomly distributed over 
the stirrups and reinforcement, showed a better agreement 
with the experiment.

Analytical method
The bending and shear capacity of the beams were 

estimated using Eurocode 2,37 where the material 
properties of concrete and corroded reinforcement 
were chosen on the basis of the proposed methodology. 
It is obvious that in a real structure, the observation of 
the actual deteriorated cross section should be used in 
analytical calculations of the capacity. Because this type 
of observation has not been reported1 for the studied 
beams, however, several different assumptions for the 
residual cross section were made.

The bending and shear capacity were calculated for six 
different cross sections, including one noncorroded cross 
section (Table 3). The effects of uniform and pitting corrosion 

Results and discussion of FE analysis
Comparisons between the numerical and experimental 

results are presented in Fig. 6. The failure mode was the 
same as in the experiments for all analyzed beams, as will 
be discussed in the following. Furthermore, the capacity and 
stiffness agreed well for all beams.

Noncorroded Beam 112 failed in bending due to yielding 
of tensile reinforcement in both the experiment and FE 
analysis. The capacity and the failure mode observed in 
the FE analysis of Corroded Beam 113 with urs = 2.0 agree 
well with the experiment; however, when a larger value 
was assumed for the volumetric expansion of oxides, urs = 
3.4, the beam failed due to crushing of concrete owing to 
very low compressive strength. This led to underestimation 
of the capacity of the beam. From the experimental load-
displacement curve of this beam, it can be imagined that one 
tensile reinforcement bar failed in bending first, perhaps due 
to a higher level of corrosion, and the capacity of the beam 
was reduced to almost half; then, the other reinforcement 
failed. In the FE analysis of Corroded Beam 113, however, 
both tensile reinforcements were assumed to reach the yield 
capacity at the same time. The deformation at peak load 
depended on how large the a1 coefficient was chosen. The 
results of FE analyses with different a1 coefficients—that is,  
0.015, 0.017, and 0.021—are shown in Fig. 7(a).

The FE analysis of Noncorroded Beam 132 showed that 
the beam failed in shear shortly after the anchorage capacity 
was reached, which agrees very well with the experiment 
(refer to Fig. 6(b)). The analysis showed that the anchorage 
failure occurred in the region where half of the tensile 
reinforcement was curtailed—that is, 250 mm (9.75 in.) 
from the end of the beam. The change of failure mode from 
combined shear and anchorage failure to shear failure was 

Fig. 7—Load versus displacement: (a) Corroded Beam 113; and (b) Corroded Beam 135. 
(Note: 1 mm = 0.039 in.; 1 kN = 0.225 kips.)

Table 3—Six different cross sections used for analytical calculations
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Results and discussion of analytical method
The shear and moment capacities of Corroded Beams 113 

and 135 calculated in accordance with Eurocode 237 for 
the six different cross sections are presented in Fig. 8. 
Comparing Cross Sections 1, 2, and 3, it can be seen that 
uniform and pitting corrosion affected the shear capacity 
of both corroded beams to a large extent. This is due to 
highly corroded stirrups compared to moderately corroded 
tensile and compressive reinforcement. Cross Section 4 is 
expected to show a better agreement with the experiments, 
as both uniform and pitting corrosion but no cover spalling 
has been reported. For Corroded Beam 113, the expected 
load capacity for the bending failure of Cross Section  4 
corresponded to the measured one fairly well. Actually, for 
Cross Section 4 of Corroded Beam 113, analyses of bending 
and shear failures with an angle of 22 degrees resulted in 
almost the same load capacity, while the tested beam failed 
in bending. Thus, there appears to be a larger safety margin 
for shear failure than for bending failure in the code, which 
is as expected. The shear capacity of Corroded Beam 135 
was estimated on the safe side by considering only uniform 
corrosion—Cross Section 2. Cross Sections 3 to 6 estimated 
much lower shear capacity for the beam, although all cross 
sections except Cross Section 1 predicted the correct failure 
mode—shear failure.

The anchorage length needed to anchor the yield force 
was calculated from the bond-slip behavior, as described 
in the literature30 (Fig. 9). It was assumed that the cross-
sectional area of the reinforcement bar decreased uniformly. 
The bond loss that occurs when the reinforcement yields was 
not included in these analyses. Thus, the calculated length 
will manage to anchor the yield force until yielding occurs; 
thereafter, a pullout failure will take place. The computed 
anchorage length showed a very large increase for Corroded 
Beam 113 from approximately 100 mm (3.9 in.) for zero 
corrosion penetration to 670 mm (26.13 in.) for 160 mm 
(0.0062 in.) corrosion penetration. However, it was still 
not limiting the total capacity of the beam, which failed in 
bending. The increase in the anchorage length for Corroded 
Beam 135 is very similar and the anchorage was not critical 
for the total capacity.

CONCLUSIONS
This paper has presented a methodology to analyze 

the mechanical behavior of corroded RC structures. It is 

were first considered separately in Cross Sections 2 and 
3 and then together in Cross Section 4. The calculation for 
Cross Section 5 predicts the capacity of the beam when 
pitting and uniform corrosion have caused spalling of the 
top and bottom cover. Cross Section 6 is the extreme case 
when the entire cover is disregarded. In the calculations, 
it was assumed that pitting corrosion affected the stirrups 
and the tensile reinforcement in critical regions—that is, for 
stirrups where shear cracks with an angle of q = 22, 30, and 
45 degrees cross the stirrups and for tensile reinforcement 
where the maximum bending moment occurs. Note that 
to enable a comparison between the analytical results and 
experiments, no safety factors were used.

Fig. 8—Moment and shear capacity: (a) Corroded Beam 113; 
and (b) Corroded Beam 135.

Fig. 9—Anchorage length needed to anchor yield force 
versus corrosion penetration.
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e, ecco 	 = 	�strain of concrete; strain at peak compressive strength of 
uncorroded concrete

ecc,cracked 	 = 	strain at peak compressive strength of corroded concrete
ect,cracked 	 = 	strain at peak tensile strength of corroded concrete
ecto 	 = 	strain at peak tensile strength of uncorroded concrete
esu, esu0 	 = 	�ultimate strain of corroded and uncorroded reinforcement, 

respectively
e1 	 = 	average tensile strain of cracked concrete
f, f0 	 = 	� diameter of uniformly corroded and uncorroded reinforcement 

bar, respectively
q	 = 	shear crack angle
q1, q2 	 = 	angles in calculation of pitting corrosion area
tb 	 = 	bond strength
tb,conf, tb,unconf = 	bond strength for confined and unconfined case, respectively
tmax,conf 	 = 	maximum bond strength for confined concrete
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proposed that the mechanical effects of corrosion can be 
modeled as a change in geometry and properties—that is, 
the reduction of steel area and ductility, removal of spalled 
concrete, modification of concrete response due to corrosion 
cracks, and modification of bond-slip properties. 

The methodology was used in combination with nonlinear 
fracture mechanics in FE analysis and hand calculations. 
The results of the analyses were compared with available 
experimental results to verify the capability of the proposed 
method. Based on the results, the following conclusions can 
be drawn:
•	 The methodology is applicable to different approximation 

levels—for example, ranging from full 3-D solid models 
to the simplest engineering calculation.

•	 The load-carrying capacity and failure mode of the 
studied corroded beams were well estimated by the 
proposed methodology in combination with nonlinear 
FE analyses.

•	 When the methodology was used in analyses according 
to Eurocode 2,37 the estimated load capacities were on 
the safe side.

•	 Considering only uniform corrosion may lead to 
overestimation of the residual load-carrying capacity of 
the structure. For better estimation, both corrosion effects 
have to be taken into account.

•	 The main uncertainties were in the a1 coefficient, 
which represents the ductility reduction of the corroded 
reinforcing bar and the variability of pitting corrosion in 
terms of when and where it takes place.

•	 The comparison made with the tests from the literature 
is mainly useful to verify the proposed methodology for 
the given corrosion levels (up to 500 mm [0.0195 in.]
corrosion penetration). Therefore, further verification of 
the 1-D bond-slip model and the proposed methodology 
is needed for a higher amount of corrosion attack.

•	 Based on these conclusions, it is proposed to further 
investigate the ductility reduction with both pitting and 
uniform corrosion for different exposure conditions.

NOTATION
Acor 	 = 	 average cross-sectional loss
Asw 	 = 	 area of transverse reinforcement
a 	 = 	 parameter relating corrosion penetration to hardening parameter 
b0 	 = 	 width of undamaged concrete cross section
c 	 = 	 concrete cover
Ec, Es 	 = 	 concrete and steel elastic modulus, respectively
Fmax 	 = 	 load-carrying capacity of beam
fcc 	 = 	 concrete compressive strength
fcc,cracked 	 = 	 compressive strength of cracked concrete
fct 	 = 	 tensile strength of virgin concrete	
fct,cracked 	 =	 tensile strength of cracked concrete
fy 	 = 	 yield strength of steel bar
GF 	 = 	 concrete fracture energy
k 	 = 	 coefficient related to bar roughness and diameter
kAsw 	 = 	 factor depending on amount of transverse reinforcement
kc/f 	 = 	 factor depending on cover-to-bar-diameter ratio
kcor 	 = 	 factor for corroded case
kuncor 	 = 	 factor for uncorroded case
M 	 = 	 moment in concrete cross section
n 	 = 	 number of compressive reinforcement
s 	 = 	 slip; distance between stirrups
ui,cor 	 = 	 opening of each corrosion crack
vrs 	 = 	 ratio of volumetric expansion of oxides
wcr 	 = 	 crack width
x, xcr 	 =	� corrosion penetration; corrosion penetration that causes cover 

cracking
z 	 = 	 internal lever arm
a1 	 = 	� empirical coefficient relating ultimate strain of corroded and 

uncorroded bar
DF	 = 	� additional tensile force in longitudinal reinforcement due to shear 
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