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Resumen
La corrosion de las armaduras es el tipo de deterioro mas habitual en estructuras de hormigén. La mayor
parte de los cédigos se orientan al proyecto de estructuras nuevas con apenas informacion acerca de la
evaluacion de las estructuras existentes. En este sentido, el Eurocédigo 2 de estructuras de hormigén ha
sido recientemente actualizado por el Comité Europeo de Normalizacion CEN, pero con informacion
insuficiente acerca de las estructuras existentes con armaduras corroidas. Este articulo incluye algunas
reflexiones sobre la evaluacion estructural de estructuras corroidas para el futuro Eurocédigo 2.

Abstract
Corrosion of reinforcement is the most common type of deterioration damage in the concrete structures.
Most of existing codes deal with the design of new structures with almost no information on the
assessment of the existing ones. With this regard, the Eurocode 2 on concrete structures has been recently
updated by the European Committee for Standardization CEN with insufficient information on existing
corroded concrete structures. This paper includes some thoughts on the structural evaluation of corroded

conctrete structures for a future Eurocode 2.

PALABRAS CLAVE: estructuras de hormigdn, evaluacion, corrosion, Eurocddigo 2
KEYWORDS: concrete structures, assessment, corrosion, Eurocode 2.

1. Introduction

Corrosion of reinforcement is the most of existing structures and | on Strengthening of

common type of deterioration damage that
affects the performance of concrete structures
during their service life and mainly when they are
in aggressive environmental conditions. Most
existing codes and standards deal with the design
of new structures with almost no information on
the assessment of the existing ones.

With this regard, the Eurocode 2 on concrete
structures has been recently updated by CEN
TC250/SC2 and it has been published in
November 2023 as the new EN1992-1-1:2023
Eurocode 2- Design of concrete structures
(Figure 1). It includes 19 Annexes and between
them the informative Annexes I on Assessment

existing concrete structures with CFRP between
other [1] and [2], with insufficient information
on existing corroded concrete structures.

This paper includes some thoughts on the
structural evaluation of corroded concrete

structures for a future Eurocode 2.
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engineering structures

Figure 1. Eurocode 2 CEN EN 1992-1-1: 2023 [1]
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2. Assessment of existing concrete
structures at Eurocode 2

Annex I on the assessment of existing concrete

structures [1] [3] covers:

- Additional rules for materials and systems
not considered for the design of new
structures

- Additional rules for assessing structures
where the detailing does not comply the
provisions for new structures

- Additional rules for the anchorage of plain
bars

- Some considerations for deterioration of
existing structures affected by reinforcement
corrosion, external sulphate attack, alkali-
aggregate reaction, frost attack and leaching
and acid attack.

It does not provide predictive methods for
estimating the deterioration rates associated with
the wvarious deterioration mechanisms for
concrete structures.

In the assessment of concrete structures
affected by deterioration (chapter 1.4 in [1]), it
recommends for corroded structures to
consider:

- Reduced concrete section due to
delamination and spalling

- Reduced cross sectional area and ductility of
the reinforcement

- Stress concentration due to localized
corrosion

- Reduced concrete-steel bond
At the Structural analysis (chapter 1.7 in [1]),

it is stated that when linear analysis with
redistribution, plastic or non-linear analysis is
performed, the effect of reduced ductility of
deteriorated concrete and reinforcement should
be considered.

At Ultimate Limit States (chapter 1.8 in [1]),
the contribution of the concrete cross section
might be considered either with the complete
section but with a reduced compressive strength
or with a reduced concrete section without the
cover depth, depending on the level of

corrosion, crack width, ratio of longitudinal and

transverse reinforcement, bar diameter, etc.

Besides, for the contribution of the corroded

reinforcement, it should take into consideration:

- Tailure of stirrups heavily corroded or with
pits that might cause buckling of the
compressed bars in columns and beams and
premature shear failure in beams

- Reduction of steel ductility by reduction of
elongation at maximum stress

Finally, when dealing with concrete-steel
bond (chapter 1.11 in [1]), it is stated that the
anchorage length l,amust be increased due to the
reduction of bond strength by corrosion which
highly depends on the level of corrosion, the
confinement of the bar, the concrete quality, etc.
Its effects might be considered through a
reduction of the concrete cover size in the
expression to obtain lyq values.

The Eurocode 2 [1] does include information
neither on how to quantitatively evaluate the
structural performance nor predictive methods
for corroded concrete structures.

3. Future version of the Eurocode 2

The future Eurocode 2 should include
detailed information on integrating consolidated
material deterioration models into structural
ones for the evaluation of corroded concrete
structures at both ULS and SLS, covering at
least:

- Deterioration models for concrete

- Deterioration models for reinforcement

- Deterioration models for concrete-
reinforcement bond

- Structural analysis

- ULS on bending with or without axial force,
shear, punching and fatigue, integrating
material deterioration

- SLS on deflection and cracking, integrating
material deterioration

It should also include predictive models for
the evolution of the previous mentioned models
considering the corrosion rate and the time and,
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perhaps, some considerations on the combined
effect of several deterioration mechanisms.

Most of the rules for the design of new
structures have been developed to describe tests
results, as accurately as possible, and have been
simplified for the design. However, as these
simplified rules are conservative, this fact needs
to be considered when being applied to existing
structures.

Some adjustments and modifications to the
procedures for new structures to be applied to
deteriorated ones have been mainly obtained
thanks to some experimental studies. The results
coming from tests should allow developing
empirical expressions or to modify the existing
ones for new structures, to be applied to the
assessment of deteriorated structures, in terms
of characteristic values and the scope of
application of these expressions must be
explicitly indicated [4].

Numerical methods are being calibrated using
experimental results although these numerical
tools are not particularly useful for daily practical
applications but might allow obtaining
complementary expressions to the ones coming
from the experimental works through numerical
tests.

An effort should be done to share the existing
and future databases coming from the
experimental and numerical tests and the
processes to obtain the expressions for the
assessment of corroded concrete structures to
get a worldwide acceptance to be considered in
the future Eurocode 2. Besides, it should cover
concrete structures affected by a combination of
deterioration mechanisms.

An overview is presented by some authors on
the content that is needed to consider the
assessment of deteriorated corroded structures
in the fib Model Code [5], [6], [9] and [10] and in
the next sections of this paper some comments
for the future Eurocode 2 are presented.

4. Material models

A huge amount of research has been developed
in the field of material deterioration due to
corrosion, but a worldwide agreement is needed
in this field to include the consolidated and
accepted models in the Eurocode 2 to be
integrated in the structural models of existing
corroded concrete structures.

Corrosion of the reinforcing steel produced
either uniform attack penetration in case of
carbonation or local corrosion (pits) in case of
chlorides. In the first case, gravimetric method
for samples taken from the structures allow
obtaining the depth of corrosion. In the second
one, calliper measurements will identify the
depth of the pits [6] [7]. In both cases,
electrochemical measures of the corrosion rate
will help to estimate the corrosion depth [7].

Thus, the future Eurocode 2 should include:
- Rules on how to consider the reduced cross-

sectional area of the reinforcement
- Suggested values for the o factor as the

relation between the maximum cotrosion
depth at pits and the average depth that
would be needed to obtain the cross-
sectional area. Some authors suggest values
of 8-10 and other comment that these values

decrease for high levels of corrosion.

HOMOGENEOUS

CORROSION PITTING [«<10]

Figure 2. Residual corroded steel cross sections in
Contecvet (top) [7] and in BA38/98
(bottom) [8]
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There is some agreement on the mechanical
properties of the uniform corroded steel where
the yield stress is almost not modified although
some loss of ductility is produced but no agreed
values on the reduction of the strain at maximum
load are available [9]. The situation is a bit less
clear about localized corrosion where some
stress concentration might happen at pits [11]
and with the prestressing steel with stress
corrosion. Anyhow, in all these cases, the
Eurocode 2 should include:

- The stress-strain cutves for corroded
reinforcing and prestressing steel for
different levels of corrosion. Some authors
indicate the stress values as the ratio between
the reduced tensile force wvalues in the
corroded bar and the initial cross-section
without reduction due to corrosion.
However, it is recommended to use the
reduced cross sections when obtaining these
stresses from the tests with corroded bars
[4].

- Model for fatigue verification in corroded
reinforcement.

Concrete might crack and spall due to the
expansion of the corroded embedded steel
which impacts its strength in the compression
zones. There are a lot of proposals to correlate
the crack width with the corrosion level. Besides,
there are some proposals for a reduction factor
of the compressive strength in cracked concrete
either comparing it with the reduced values
suggested for the compression fields and struts
crossed or deviated by a tie in the Codes or with
expressions depending on the depth of the
corrosion attack at the compressive bars [5].

On the other hand, consolidated approach is
needed coming from the existing research on
how and when a reduced concrete cross section
should be considered without the concrete cover
due to the spalling [7] [12] [13].

Thus, models are needed in the Eurocode for:
- Crack width related to the level of corrosion
- Reduction of the compressive strength in

cracked concrete depending on the level of

corrosion and the number, spacing and
diameter of the embedded corroded steel
bars.

- Reduced concrete section due to the
delamination and spalling depending on the
level of corrosion and the detailing.

- Model for fatigue verification in cracked
concrete due to steel corrosion

- Effects due to the combination of cotrosion
with other deterioration mechanisms

The composite action between concrete and
steel is crucial for the concrete structures and
corrosion produces some bond deterioration
that depends on a high number of factors as the
level of corrosion, the cover size, the number
and spacing of stirrups and the external pressure

[4] [5] [14] [15], and there is not enough

consensus at worldwide level. Besides, more

discussions on transfer and anchorage lengths in

prestressing steel are also needed [106].

Thus, the Eurocode should include:

- Modified expressions to calculate the
anchorage and lap lengths with corroded
bars, including the stirrups for shear and
punching resistance, for both plain and
ribbed bars.

- Modified expressions for transfer and
anchorage lengths in prestressing steel.

- Expressions for reduced bond strength to be
applied in some verifications as the support
and internal nodes in the strut-and-tied
methods.

- Effects due to the combination of corrosion
with other deterioration mechanisms.

5. Structural resistance models

The resistance of members subjected to bending
or to bending and axial force can be estimated
integrating the material deterioration models
into the structural ones. Some additional
information should be included in the Eurocode
2 as:
- The rotation capacity of the plastic hinges in
the redistribution of bending moments with
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some limitations due to the loss of ductility
of the corroded reinforcement depending on
the level of corrosion
- The -confined concrete with corroded
stirrups in the plastic hinges
- Enlargement of the buckling length of the
compressive bars due to the decrease of
sectional area of both the stirrups and the
bar
- Buckling of the compressive bars due to
some possible premature failure of the
stirrups with pits
Shear and punching resistance need some
considerations to extend the present approach
of Eurocode 2 based on the Critical Shear Crack
Theory CSCT for members without shear
reinforcement [17] [18] to corroded structures
besides the material deterioration models.
Figure 3 represents the effect of corrosion on
shear performance at the Critical Shear Theory
with shear V values versus strain e, values at the
longitudinal reinforcement, being e, the yield
strain. The straight lines represent the shear
action effects, and the curves lines the shear
resistance. The lower curve in red shows the
shear failure values at the critical crack when the
reduction of both the steel cross section and the
bond strength due to corrosion have been
considered.

\ Failure criterion
Uncorroded bars

Vi | cCorrodedbars |

Uncorroded bars ]

Corroded bars
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Figure 3. Crack bond deterioration due to
cotrosion at Critical Shear Theory

When dealing with shear, Eurocode 2 should
include:
- Limitation of the contribution of the

longitudinal reinforcement through o ratio

affected by a kpoa factor with values
depending on the bond strength reduction
due to corrosion, in expression 8.27 [1]

(Figure 4).
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Figure 4. Effect of bond reduction in shear

- Effect of corrosion on the strain values ¢, of
the longitudinal reinforcement for a refined
verification with expression 1.7 [1].

When dealing with shear with reinforcement,

Eurocode 2 should include (Figure 5):

- Limitation of the maximum rotation of the
compressive struts 0 depending on the
ductility of the corroded stirrups

- Effects due to bond strength reduction:

- Limitation for Oma due to the
coupling of shear and bond failures
by the bond strength reduction at the
longitudinal bars [5]

- Combination of the beam and tied
arch actions for intermediate levels
of stirrups corrosion towards tied
arch action alone for high level of
corrosion, to be replaced by strut-
and-tied models
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Figure 5. Corroded members with shear

reinforcement

- Risk of premature shear failure due to pitting
at stirrups
When dealing with punching, Eurocode 2
should include:
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- Limitation of the contribution of the flexural
reinforcement through o) ratio affected by a
kpona factor with values depending on the
bond strength reduction due to corrosion, in
expression 8.94 [1]

- The effect of corrosion on the maximum
rotation ¢ of the slab around the supported
area when using the alternative procedure of
expression 1.16 [1]

Design with strut-and-tie models and stress
fields, [5] and [19], might be appropriate when
dealing with corroded concrete structures, both
in B and D regions, considering the deterioration
models of steel, concrete and bond.

Eurocode 2 should include the effects of the
reduction of the ductility of the corroded
reinforcement on the deformation capacity for
the adopted strut-and-tie models.

6. Safety items

Reliability and safety items need to consider

what is being developed within the framework

of Eurocodes for the assessment of existing
structures at the prEN1990-2 [20] and Eurocode

2 should include:

- Both new empirical expressions or the
corresponding modified ones from new
structures to be applied to corroded ones,
for material models and structural resistance
ones, to be presented in the characteristic
values and, then, the partial factor format
might be used [20] and [21].

- 1.4.2 Verification by partial factor method
and Annex A Adjustment of partial factors
for materials in [1] to be revised, if it is
needed, considering the additional level of
uncertainties that corrosion might include in
the assessment of the corroded structures.

7. Remaining service life of structures
with corroded reinforcement

Eurocode 2 should include not only rules on
how to evaluate the bearing capacity of the
existing structures but also provide predictive
methods for estimating deterioration rates
associated with the wvarious deterioration
mechanisms for concrete structures, including
corrosion, to estimate the remaining service life.

The rate of corrosion along the time should
be established in function of the environmental
conditions of each part of the structures (Table

1.

Table 1: Exposure conditions and Ico: values [7]

. Tcorr

Exposure conditions (A / cm?)
Partially carbonated
- Dry ~0.01
- Wet-rarely-dry 0.1-0.5
- Moderate humidity 0.05-0.1
- Cyclic wet-dry 0.01-0.2
Partially carbonated
- Dry ~0.01
- Wet-rarely-dry 0.2-0.5
- Moderate humidity 0.1-0.2
- Cyclic wet-dry 0.2-0.5
Chloride corrosion
- Moderate humidity 0.1-0.2
- Wet-rarely-dry 0.1-0.5
- Cyclic wet-dry 0.5-1.0
- Airborne sea water 0.5-5.0
- Submerged 0.1-1.0
- Tidal zone 1.0-10

There are documents [7] [9] where corrosion
rate  values are shown for different
These predicted
values and the time are to be included in the

environmental conditions.

deterioration material models (see 4) to be then
considered in the structural resistance models
(see 5) to estimate the evolution of the resistance
in a specific future period of an existing
structure. This prediction always needs to be
complemented along the time with the
appropriate maintenance and survey strategy.
Thus, as in [9], Eurocode 2 should include:
- Values of the corrosion rate for the different

exposure classes indicated in section 6 [1]
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- All material and resistance models in
function of the depth of the corrosion
deterioration that will be estimated from the
corrosion rate values and the time.

8. Final comments

The transfer of consolidated knowledge from
research to daily engineering evaluation of
corroded concrete structures has a relevant
impact as soon as this knowledge is accepted and
included in codes as the Eurocode 2.

Thus, it is expected that the application of the
future of Eurocode 2 will allow a quantitative
assessment and prediction of corroded concrete
structures.

In the meantime, fib Model Code 2020 [9] or
others might be a reference when evaluating
corroded concrete structures.
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