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The experimental results of a testing campaign including tensile and low-cycle fatigue tests on different reinforcing steel bar types in
the as-delivered and corroded condition are presented. Experimental data were statistically analyzed adopting ANOVA technique;
Performance Indicators (PIs), describing the mechanical performance characteristics of reinforcements, and Corrosion Damage
Indicators (CDIs), describing the detrimental effects of corrosion phenomena, were determined and correlated in order to evaluate
the influence of corrosion on the behaviour of reinforcing steels, providing useful information for designers in addition to what is
presented in current standards.

1. Introduction

Reinforced concrete (r.c.) buildings in seismic areas are
actually designed following the capacity design rules, adopted
as reference technique by international design codes [1–3]. To
satisfy the cyclic/seismic structural requirements, buildings
shall guarantee enough ductile resources at global, element,
and material level, that is, in terms of displacement, rota-
tional capacity, and deformation, without significant losses of
strength and stiffness. The global dissipative collapse mech-
anism of the building is achieved through the development
of plastic deformations in correspondence with the ends of
beams and columns: the rotational capacity of structural ele-
ments is strictly dependent on the ductility of steel reinforcing
bars, generally expressed in terms of elongation to maximum
load (𝐴gt) and hardening ratio (𝑅

𝑚
/𝑅
𝑒
) with specific ranges

imposed by European design standards for high or medium
ductility class (HDC or MDC, resp.). For example, Eurocode
2 [4] defines three different ductility classes (A, B, and C) in
relation to the values of 𝐴gt and 𝑅𝑚/𝑅𝑒, respectively, higher
than 2.5%, 5.0%, and 7.5% for 𝐴gt and higher than 1.05 and
1.08 and between 1.15 and 1.35 for 𝑅

𝑚
/𝑅
𝑒
. Eurocode 8 [1]

provides additional specifications limiting the use of class B
to elements designed forMDC and the use of ductility class A

is allowed by the Italian Standards for Constructions [2] only
for stirrups.

The European design prescriptions are not directly
reflected by the production scenario of reinforcing steel bars,
characterized by the lack of a codified classification of steel
grades (for what concerns both strength and ductility classes)
and consequently resulting in a large variety of reinforcing
steels produced in different countries, as widely discussed in
Apostolopoulos et al. [5].

The limitations for the ductility properties of reinforcing
steels actually provided by Eurocodes are mainly referred
to the monotonic behaviour, while no information is given
for the cyclic/seismic one. Current national production stan-
dards for reinforcing steel bars generally do not prescribe the
execution of cyclic tests for the mechanical characterization
and production control of the seismic behaviour of reinforce-
ments. Only some European countries like Portugal, Spain,
and Poland [6, 7] introduce specific protocols for the low-
cycle fatigue tests on steel reinforcing bars with testing para-
meters different from one another. The lack of a deep knowl-
edge about the cyclic behaviour of reinforcing bars is also
highlighted by the wide variability of results presented in the
current scientific literature [8–12].
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As a consequence, despite the necessity of high ductile
properties of reinforcements to be adopted in the dissipative
regions of r.c. buildings, no specific prescriptions are given for
guaranteeing the satisfaction of those seismic requirements.
Trying to solve the presented problem, in the revision of
European standard EN 10080:2005 [13, 14] (Steel for the
reinforcement of concrete-weldable reinforcing steel) and in
particular, Mandate M115 [15] proposes the definition of “the
methods (calculation, test methods or others) or a reference to a
standard containing the methods for the determination of such
characteristics,” introducing a cyclic loading performance for
earthquake prone areas.

In addition to the need of the definition of the effective
ductility of reinforcing steels, several studies presented in the
current scientific literature evidenced a reductionof someper-
formance characteristics after corrosion of TempCore steels,
actually widely adopted for r.c. structures, able to easily satisfy
the limitations imposed by European standards towards rea-
sonable production costs. Apostolopoulos and Michalopou-
los [16], Apostolopoulos and Papadakis [17], Al Hashemi et
al. [18], and others [19–21] highlighted the strong decrease of
the dissipative capacity of bars exposed to aggressive environ-
mental condition, that is, subjected to corrosion phenomena,
with the following degradation of the global bearing capacity
of the whole structure. The deterioration of the ductility was
evidenced in terms of both 𝐴gt (i.e., monotonic behaviour)
and dissipated energy under the execution of low-cycle
fatigue tests (i.e., cyclic/seismic behaviour). Papadopoulos et
al. [22], through the execution of salt spray chamber tests on
two different steel grades with similar chemical composition,
evaluated the quality index 𝑄

𝑑
for the quantification of the

mechanical performance (yielding strength, elongation) with
reference to different exposure periods.

In order to prevent corrosion phenomena of reinforce-
ments, Eurocode 2 [4] prescribes, for new constructions, the
adoption of adequate concrete strength and covers in relation
to the different possible exposure conditions; anyway, the
problem still remains in the case of existing buildings.

In the present work the effectivemechanical performance
(i.e., capacity) of steel reinforcing bars under low-cycle fatigue
and monotonic actions in both uncorroded and corroded
condition is deeply analyzed; the research work was devel-
oped as part of the European research project “Rusteel: Effects
of Corrosion on Low-Cycle Fatigue (Seismic) Behaviour of High
Strength Steel Reinforcing Bars” (2009–2012) [5, 21], aiming
at evaluating the combined effects of corrosion phenomena
and seismic action on the ductile properties of bars and of
the ability of corroded samples still to withstand the require-
ments imposed by earthquakes.

A set of steel reinforcements representative for the actual
European bars’ production was selected and tested under
monotonic and cyclic loads in both uncorroded (reference)
and corroded conditions, opportunely reproduced through
the execution of accelerated corrosion tests in salt spray
chambers. The results of mechanical tests allowed the deter-
mination of significant parameters describing the dissipative
behaviour of reinforcements, defined as “Performance Indi-
cators” (PIs), representative of the structural performance of

bars in the uncorroded (i.e., reference) condition. In partic-
ular, different PIs were defined in relation to the monotonic
and cyclic behaviour of bars: the ductile capacity was evalu-
ated in terms of mechanical properties and necking (𝑅

𝑒
, 𝑅
𝑚
,

𝐴gt,𝑅𝑚/𝑅𝑒, and𝑍) formonotonic tests and dissipated energy
and number of cycles to failure (dE, 𝑁cycles) in the case of low-
cycle fatigue tests (LCF).

The severity of the corrosion attackwas defined in relation
toCorrosionDamage Indicators (CDIs) calibrated on the basis
of laboratory experimental tests executed on reinforcements
and suitably defined in relation to the effective exposure
to which bars are subjected. Corrosion Damage Indicators
(CDIs) were opportunely defined to correlate the deterio-
ration of the mechanical properties and dissipative capacity
(i.e., the performance indexes 𝑅

𝑚
, 𝑅
𝑒
, 𝐴gt dE, and 𝑁cycles)

with the level and the intensity of the corrosion attack.
Specific relationships between CDIs which can be related

to Classes of Exposure as defined in Eurocode 2 [4] and PIs
were then provided analyzing the ability of steel reinforcing
bars to maintain an adequate safety level in presence of
seismic actions or less. What is herein presented allowed the
determination of additional prescriptions for the protection
of steel reinforcing bars from corrosion, with respect to the
ones already presented in Eurocode 2 [4] about the thickness
of the concrete cover.

2. Determination of Corrosion
Damage Indicators (CDIs) and
Performance Indicators (PIs)

2.1. Corrosion Damage Indicators (CDIs). In order to statis-
tically analyze the influence of corrosion phenomena on the
ductile behaviour of steel reinforcing bars, under bothmono-
tonic and cyclic loadings, significant parameters, Corrosion
Damage Indicators (CDIs), describing the practical effects of
aggressive environmental conditions on reinforcements were
determined, on the base of what is presented in the current
scientific literature and in standards. Relevant corrosion
phenomenawere initially classified in relation to the exposure
classes presented in Eurocode 2 [4]; Table 1 presents, for
example, the case of exposure class XS2 (i.e., corrosion due to
chlorides from seawater). As visible, the corrosion rate (exp-
ressed in terms of mass loss, ML, i.e., corrosion and erosion
rates) can be considered as a valid Corrosion Damage Indi-
cator (CDI), for both uniform and local (pitting) corrosion,
respectively, due to carbonation phenomena and to chlorides’
ingress.

Looking at the current scientific literature, moreover,
two additional parameters describing the effects of corrosion
phenomena shall be taken into consideration: pit depth (in
the case of localized corrosion) and the absorption of atomic
hydrogen (in the following hydrogen) due to corrosion.

Gräfen [25] evaluated the influence of absorbed hydrogen
on the mechanical performance for sensitive quenched and
tempered prestressing steels, as represented in Figure 1(a); the
obtained results, useful also for the analysis of TempCore
reinforcements characterized by a quenched and tempered
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Table 1: Approach to classification according to table 4.1 of EN 1992-1-1:2005 [4].

Class
designation Description of the environment Informative examples where exposure classes may

occur
(2) Corrosion induced by carbonation

XC1 Dry or permanent dry Concrete inside buildings with low air humidity
Concrete permanently submerged in water

(4) Corrosion induced by chlorides from seawater
XS2 Permanently submerged Parts of marine structures

Practical corrosion rates and hydrogen activities
Class
designation Degree of corrosion Hydrogen activity

(2) Corrosion induced by carbonation

XC1

Average corrosion rates: <0.5 𝜇m/year
Max. erosion rates: 2 𝜇m/year, poor
concrete strength, low cover and cracks
[4]

0–5 relevant only for submerged in water conditions,
Moersch [23]:
(i) pH value ≥ 12.6
(ii) Extreme oxygen poverty; no oxygen
(iii) Maximum content of chlorides in raw materials not
exceeded, no additional corrosive substances
1–10 for Moersch [23]:
(i) pH value < 12.6
(ii) All oxygen contents
(iii) Maximum content of chlorides in raw materials not
exceeded, no additional corrosive substances

(4) Corrosion induced by chlorides from sea water

XS2
Corrosion rates (mass loss)
1.16–11.6𝜇m/year (Rodriguez et al. [24])
∼0.9–9mg/(cm2 year)

1–15 for Moersch [23]:
(i) pH value ≥ 12.6
(ii) Critical chloride content for corrosion exceeded:

(a) very low oxygen content: 10–100mol Cl/molOH−
(b) oxygen saturation: 0.1–1mol Cl−/molOH−

5–45 for Moersch [23]:
(i) pH value < 12.6
(ii) Critical chloride content for corrosion exceeded:

(a) very low oxygen content:
10–100mol Cl−/molOH−

(b) oxygen saturation: 0.1–1mol Cl−/molOH−

martensitic microstructure in the outer layer of the steel, evi-
denced the drop of ductility (in terms of ultimate elongation,
A) depending on hydrogen contents for different nominal
tensile strength levels.

The relevance of hydrogen content for the performance
of reinforcing steels under low-cycle fatigue loads was also
evidenced in the results presented by Riecke [26]. Figure 1(b)
shows the influence of the strain rate after hydrogen absorp-
tion (high hydrogen activities) on the elongation for a
quenched and tempered prestressing steel: with increasing
strain rate the elongation values in solution (i.e., hydrogen
absorption conditions) converged to the values of the elon-
gation of the CERT-test in air. The strain rates used for low-
cycle fatigue tests ranged from 10−3 to 10−2 s−1, and a loss
of elongation of about 20% was observed for such strain
rates. Looking at Figure 1, it can be concluded that hydrogen
content does not play an important role in static conditions
but may be relevant to low-cycle fatigue performance.

According to Neubert and Nürnberger [27], a pit depth
of about 0.5mm was correlated to a loss of elongation at
fracture (𝐴) of about 30% for a very sensitive high strength
quenched and tempered prestressing steel. Rehm et al. [28]
deeply analyzed the correlation between corrosion erosion
of the surface of embedded rebars in cracked concrete due
to chloride induced corrosion and the pit depth. The results
are presented in Figure 2. It can be concluded that pit depths
with significant consequences on the residual mechanical
performance of reinforcing steels could be obtained already
for rather small rust layers.

As a consequence, for the analysis of the relation between
CDI and the residual performance of reinforcing steel after
corrosion, mass loss was considered the most appropriate
damage indicator, easily measured and related to exposure
classes and exposure durations through the adoption of spe-
cific calculations. Furthermore the influences of pit depth and
absorbed hydrogen were also taken into consideration in the
analysis of the results of the salt spray tests.
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Figure 1: (a) Influence of H content on different steel types [24]; (b) influence of strain rate after H
2
-absorption on elongation [26].
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Figure 2: Degree of corrosion depending on crack width for XS3
and an exposure duration of 30 years [28].

2.2. Performance Indicators (PIs). The effects of corrosion,
with reference to the CDIs previously determined, were eval-
uated in relation to significant Performance Indicators (PIs)
able to describe themechanical behaviour of steel reinforcing
bars after the exposure to aggressive environmental condi-
tions. In particular, PIs were determined for both the mono-
tonic and the low-cycle fatigue (i.e., representing earth-
quakes) behaviour.

According towhat is presented in the current scientific lit-
erature [5, 17, 29] all themechanical performance characteris-
tics of bars (yield strength 𝑅

𝑒
, tensile strength 𝑅

𝑚
, hardening

ratio (𝑅
𝑚
/𝑅
𝑒
), strain at maximum load 𝐴gt, and necking

strain 𝑍) were taken into consideration for the monotonic
behaviour.

For what concerns, on the other hand, the cyclic/seismic
behaviour of reinforcements, despite the possible varia-
tion of imposed deformation, testing frequency, length of

the specimens, and other parameters strictly related to the
adopted experimental testing protocol, the two considered
PIs were, once again in relation to data actually presented
in the scientific literature, the total dissipated energy density
(dE) and the number of cycles to failure (𝑁). The total
dissipated energy was evaluated according to the formulation
proposed by Apostolopoulos [29] as an approximation of the
engineering stress-strain curve: dE = ∫𝜎𝑑𝜀.

The selection of PIs can be directly related to the results
obtained from numerical analyses deeply reported in Braconi
et al. [30], also developed in the framework ofRusteel research
project [5]; according to [30, 31], Incremental Dynamic
Analyses (IDAs) executed on representative r.c. buildings
designed following [1] evidenced two possible behaviours of
reinforcing steels: the first one is typical of those elements,
mainly beams (Figure 3(a)) characterized by high deforma-
tions in tension due to seismic action (around 6.0%) and low
dissipated energy density (around 40MPa) due to the inabil-
ity to execute complete reversed tension/compression cycles.
In this case, the main parameter affecting the description of
themechanical behaviour of the rebar is𝐴gt, since the seismic
action leads to a behaviour similar to the monotonic tensile
one (PI for monotonic behaviour).The second condition is, on
the other hand, typical of those elements (mainly columns,
Figure 3(b)) in which the seismic input is able to produce few
(one, maximum two) complete reversed tension/compres-
sion cycles with high levels of deformation (around 6.0
and −4.0%) and high density of dissipated energy (around
120MPa). In this case, the parameter describing the seismic
behaviour of rebar (PI for cyclic behaviour) is the dissipated
energy density dE.

3. Mechanical Characterization of
Reinforcements in Uncorroded and
Corroded Conditions

3.1. Determination of the Sample. A representative set of rein-
forcing bars was selected for experimental tests. Different
steel grades (nominal 𝑅

𝑒
equal to 400, 450, and 500MPa),
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Figure 3: (a) Numerical stress-strain diagrams for bars in r.c. beams, (b) numerical stress-strain diagrams for bars in r.c. columns.

ductility classes (A, B, and C), diameters (between 8
and 25mm), and production processes (TempCore, TEMP,
microalloyed, MA, stretched, STR, Cold Worked, CW) were
adopted, covering in a reasonable way the large variability of
properties evidenced at European level. Steel reinforcing bars
were provided by two European producers involved as part-
ners of the research project (hereafter indicated as “producer
1” and “producer 2”); tests were executed by three different
European laboratories (one in Greece, one in Italy, and the
last one in Portugal, in the following determined, respectively,
as “Lab. A,” “Lab. B,” and “Lab. C”). The complete set of steel
bars selected for the execution of mechanical experimental
tests in corroded and uncorroded condition is hereafter
summarized:

(i) B400C, 𝜙 16mm, MA, producer 2, Lab. B and C.
(ii) B400C, 𝜙 16mm, TEMP, producer 1, Lab. A, B and C.
(iii) B400C, 𝜙 25mm, MA, producer 2, Lab. B and C.
(iv) B450C, 𝜙 12mm, STR, producer 1, Lab. C.
(v) B450C, 𝜙 16mm, TEMP, producer 1, Lab. A, B and C.
(vi) B450C, 𝜙 25mm, TEMP, producer 2, Lab. B and C.
(vii) B500A, 𝜙 12mm, CW, producer 2, Lab. B and C.
(viii) B500B, 𝜙 12mm, STR, producer 1, Lab. C.
(ix) B500B, 𝜙 16mm, TEMP, producer 1, Lab. A, B and C.
(x) B500B, 𝜙 25mm, TEMP, producer 2, Lab. B and C.

3.2. Mechanical Characterization of Uncorroded Steel Bars.
Tensile and low-cycle fatigue tests were executed on selected
reinforcing steel bars. Tensile tests were executed according to
EN 15630-1:2010 [32]; for each steel grade, diameter, process,
and producer three tensile tests were executed on specimens
of adequate length (about 600mm). In the following analyses,
the mean values of the mechanical properties obtained for

each significant parameter (i.e., yielding and tensile strength,
elongation at maximum load, and ultimate elongation) were
adopted. The detailed results of tensile tests are widely
presented in Apostolopoulos et al. [5]1.

For the execution of cyclic (LCF) tests, a specific testing
protocolwas elaborated as part of theRusteel project.Thedef-
inition of a codified methodology for the execution of cyclic
tests was necessary since in the current scientific literature
and in actual European standards different protocols are
presented, with variable testing frequencies (𝑓), imposed
deformation (Δ𝜀), free length of the specimen (𝐿

0
), and num-

ber of cycles (𝑁). The reasons at the base of the elaboration
of the low-cycle fatigue protocol were widely presented by
[33], taking into account, beside the actual prescriptions of
current standards and literature, the effective seismic demand
on reinforcing bars, as presented in [30].

Two levels of imposed deformation, respectively, equal
to ±2.5% and ±4.0%, were adopted for the execution of at
least 20 symmetrical hysteretic cycles or until fracture. The
imposed strain and the number of cycles were defined in rela-
tion to the results of numerical analyses presented in Braconi
et al. [30] on r.c. case study buildings opportunely designed
according to Eurocodes 2 and 8 [1, 4] and subjected to incre-
mental dynamic analyses with specific natural accelerograms
selected tomaximize the seismic demand on steel reinforcing
bars, obtaining the maximum level of deformation and the
total dissipated energy due to earthquake events.

The free length of the sample was assumed equal to 6 or
8 diameters, in order to represent the condition of bars in r.c.
elements in HDC or MDC according to [1]. For the testing
frequency, since different values are adopted in experimental
tests (varying between 0.005 and 3.0Hz), preliminary tests
were executed [5] for the evaluation of the influence of the
testing frequency on the results of cyclic tests in terms of
dissipated energy. The results of preliminary tests, executed
on bars 𝜙 16mm with frequency equal to 0.05Hz and 2.0Hz,
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Table 2: Experimental results of LCF tests for different testing frequency and percentage differences.

Frequency 2.0Hz 0.05Hz 𝐿
0
= 6𝜙 Frequency 2.0Hz 0.05Hz 𝐿

0
= 8𝜙

Cycle Δ𝐸 [MPa] Δ𝐸 [MPa] Difference [%] Cycle Δ𝐸 Δ𝐸 Difference [%]
1 31.7 33 3.90% 1 31.6 33.7 6.4%
2 31.5 33 4.50% 2 31.7 29.8 6.2%
3 30.9 32.4 4.60% 3 28.3 27.8 1.8%
4 29.4 31.8 7.50% 4 25.7 25.2 1.9%
5 29.3 31.1 5.80% 5 23.7 23.3 1.8%
6 28.4 30.5 6.90% 6 22.1 21.7 1.8%
7 27.8 29.9 7.00% 7 20.8 20.4 2.0%
8 27.3 29.4 7.10% 8 19.6 19.2 2.5%
9 26.2 28.8 9.00% 9 18.5 18.0 3.1%
10 26.0 28.6 9.10% 10 17.5 17.0 3.1%
11 25.8 27.7 6.90% 11 16.3 16.0 2.1%
12 25.2 27.1 7.00% 12 15.0 15.1 1.0%
13 24.6 26.3 6.50% 13 13.3 14.3 6.8%
14 23.8 25.5 6.70%
15 23.2 24.2 4.10%
16 22.6 21.6 4.60%
Total 433.7 460.9 5.90% (tot) 284.1 281.5 0.92% (tot)
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Figure 4: Stress-strain curve from LCF tests on specimens B450C-TEMP (prod. 2) 16mm with frequency equal to 0.05 and 2.0Hz.

evidenced differences in terms of dissipated energy (total
and per cycle) lower than 5–10%; similar values, highlighting
the relatively low influence of the strain rate on the global
dissipative behaviour of the specimens, were found by Crespi
[10]. Table 2 presents the results obtained from preliminary
tests, while in Figure 4 the stress-strain diagrams are shown.

As a consequence, the testing frequency was fixed to
2.0Hz, with possible reduction up to 0.05Hz in relation to the
machine’s requirements for samples of diameter higher than

16.0mm. The preliminary protocol can be then summarized
as follows:

(i) frequency 𝑓 = 2.0Hz (0.05Hz for 𝜙 ≥ 16mm);

(ii) two levels of imposed deformation: 𝜀
1
= ±2.5% and

𝜀
2
= ±4.0%;

(iii) minimum number of cycles equal to 20;
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(iv) two different values of the free length: 𝐿
0,HDC = 6𝜙

(HDC) and 𝐿
0,MDC = 8𝜙 (MDC).

Two tests for each steel grade, diameter, process, producer,
level of imposed strain, and free length of the specimens
were executed. The complete list of results can be found in
Apostolopoulos et al. [5]1.

3.3. Mechanical Characterization of Corroded Steel Bars.
Reinforcing bars were subjected to accelerated corrosion tests
in salt spray chamber to evaluate the effects of aggressive envi-
ronmental conditions on their monotonic and cyclic/seismic
behaviour.

The protocol adopted for the accelerated corrosion tests
was elaborated as part of Rusteel research project [5], on the
base of an accurate survey and technical evaluation of the
actual procedures used for such kind of experimental tests.
The salt spray chamber test was selected in relation to practi-
cal and efficiency requirements, such as easiness in the prepa-
ration of the samples, limited duration of the exposure period,
possibility to evaluate and control the relevant parameters,
and availability of codified procedures.

A protocol based on ASTM B117-11 [34] was modified in
relation to the specific requirements of the research project.
Two different exposure periods (i.e., 45 and 90 days) were
considered; the protocol was organized into 3 different phases
(i.e., preparation of testing apparatus, positioning and exe-
cution of corrosion tests, and analysis of corrosion damage),
following ISO 9227 [35] for the preparation of the specimens.

The first phase consisted in the preparation of the testing
apparatus and cleaning the chamber, piping, and solution
tanks from the residuals of previous experiments in order to
obtain a pH of the chamber between 5.5 and 6.2. To stabilize
the pH of the chamber before the positioning of the samples,
50 litres of solutionwas introduced in the chamber for about 6
hours under the predetermined wet/dry cycles.

For the second phase the length of the specimens was
fixed between 500 and 600mm to allow the execution of
tensile tests. In the middle section of the testing article a high
temperature nonadhesive tape (of length equal to 20mm or,
at least, the distance between two consecutive ribs)was placed
to determine the unprotected part of the specimen; paraffin
was used to avoid corrosion in the other part of the bar. The
testing samples were then placed inside the chamber at an
angle of 45–60∘ to the supports and rotated by 90∘ at least
three times a day, in order to prevent the generation of salts
according to what is prescribed by ISO 9227 [35] for the
whole duration of the test. 8 wet/dry cycles every 24 hours (90
minutes dry followed by 90 minutes wet), with a continuous
control of the pH of the chamber and of the procedure, were
then executed. At the end of the test, the specimens were
rubbed and cleaned andmaintained at a temperature of about
−5∘ to avoid the loss of the volatile part of hydrogen before the
execution of mechanical tests.

Cross-sectional analyses, SEM evaluations, measures of
notch depth, crack depth and width, hydrogen content, cross
section reduction, and, in particular, mass loss were executed.

After the exposure in salt spray chamber, corroded speci-
menswere subjected tomonotonic and cyclic tests, following,

respectively, the prescriptions of EN ISO 15630-1 [32] and the
protocol already showed for tests on reference bars [5]. At
least three tensile tests on each steel grade/diameter/process
and two cyclic tests for each level of imposed deformation and
free length of the specimens were executed.

The results of mechanical tests on corroded specimens
were evaluated in terms of decrease of the significantmechan-
ical properties towards parameters significantly highlighting
the effects of deterioration due to corrosion in salt spray
chamber.The complete set of results ofmonotonic tensile and
low-cycle fatigue tests on corroded specimens is presented
in Rusteel research project [5]1, since it is not possible for
reasons of brevity to directly insert all the data in the present
paper.

Tables 4 and 5 show, for example, some of the values
of residual mechanical properties for reinforcing steel bars
after, respectively, monotonic tensile and low-cycle fatigue
tests. In the case of monotonic tests, the residual strength and
elongation are presented for the mean values of mass loss,
while for low-cycle fatigue tests the residual total dissipated
energy and the specified number of cycles (i.e., ratio between
cycles to failure after and before corrosion) are provided. As
visible from Table 3, significant differences were revealed in
the mass loss obtained from different laboratories; although
the protocol adopted for the execution of accelerated corro-
sion tests was exactly the same, the difference shall be justified
only in relation to the effective environmental conditions
reproduced inside different chambers.

Figure 5(a) shows the comparison between the stress-
strain diagrams obtained from corroded (curves of specimens
n∘1, 2, 3, 4, and 6) and uncorroded specimens (B450C, diam-
eter 16mm, curves Ref.1, Ref.2, and Ref.3) under tensile tests
while Figure 5(b) presents the values of the mean total dissi-
pated energy of corroded and uncorroded specimens (B450C
and B500B, diameter 16mm).

4. Evaluation of the Effects of Accelerated
Corrosion on Corrosion Damage Indicators

4.1. CDI Mass Loss. In a first step a statistical analysis adopt-
ing ANOVA technique (ANalysis Of VAriance) was carried
out on the mass loss (ML) results obtained in the salt spray
chambers with different reinforcing steels, in order to eval-
uate the influence of independent parameters such as type
of production, nominal yielding strength (𝑅

𝑒,nom), nominal
diameter (𝑑nom), ductility class, time of corrosion test (𝑇corr),
and salt spray chamber or Lab., respectively, on the dependent
factor mass loss. Figures 6 and 7 present the results of the
multiparameter ANOVA tests. It can be concluded that the
most significant influence on mass loss was the laboratory
in which the salt spray tests were carried out: a well-defined
procedure was followed in all three laboratories; nevertheless
the corrosion conditions within each salt spray chamber
were not completely reproducible. There is a tendency that
exposure period in salt spray chamber (𝑇corr) also influenced
the obtained results; an increase of the corrosion time could
be associated with the increase of the mass loss: mean values



8 Advances in Materials Science and Engineering

Table 3: Mean values and coefficient of variation of residual mechanical properties of corroded bars (16 and 25mm), tensile tests.

Steel grade/process 𝑑nom Lab 𝑇corr ML res.𝑅
𝑒

Cvres.𝑅
𝑒

res.𝑅
𝑚

Cvres.𝑅
𝑚

res.𝑅
𝑚
/𝑅
𝑒

Cvres.𝑅
𝑒
/𝑅
𝑚

res.𝐴gt Cvres.𝐴gt
[mm] [days] [%] [%] [%] [%] [%] [%] [%] [%] [%]

B400C-TEMP 16 A 90 9.3 93.6 1.7 89.7 1.0 95.8 2.3 29.9 11.8
B450C-TEMP 16 A 90 10.9 94.9 2.4 90.4 2.6 95.2 3.3 27.1 20.9
B500B-TEMP 16 A 90 10.8 93.7 0.4 89.0 0.9 93.8 1.9 21.1 11.6
B400C-TEMP 16 B 90 16.4 92.9 1.8 94.5 0.9 101.7 2.5 44.8 11.6
B450C-TEMP 16 B 90 10.3 96.5 2.0 99.2 1.1 102.8 1.0 39.0 14.0
B500B-TEMP 16 B 90 24.7 87.6 1.3 93.7 0.8 106.8 1.2 47.6 7.6
B450C-TEMP 16 C 90 3.2 96.3 1.4 97.7 1.3 101.4 1.2 45.6 26.4
B500B-TEMP 16 C 90 0.3 95.2 1.1 95.1 0.9 99.9 0.6 70.7 24.2
B400C-TEMP 16 C 90 0.3 97.4 2.3 96.8 0.7 99.4 1.9 75.5 9.9
B450C-TEMP 25 B 90 3.8 97.4 1.5 97.5 0.6 100.1 0.9 62.6 8.3
B500B-TEMP 25 B 90 9.0 99.0 0.4 97.1 0.5 98.2 0.3 72.7 4.4
B450C-TEMP 25 C 90 1.4 100.9 0.9 99.0 0.7 98.1 1.2 83.7 9.3
B500B-TEMP 25 C 90 1.7 99.5 0.9 97.2 0.9 97.5 1.3 72.4 19.4

Table 4: Average values and coefficient of variation of residual mechanical properties of corroded bars, cyclic tests.

Steel grade/process 𝑑nom Lab. 𝑇corr Δ𝜀
𝐿
0

ML CvML res.dE Cvres.dE 𝑁corr/𝑁0 Cv
𝑁corr/𝑁0

[mm] [days] [%] [%] [%] [%] [%] [—] [%]
B400C-MA 16 A 90 ±2.5 6𝜙 9.50 5.7% 64.68 5.0% 0.58 5.6%
B400C-MA 16 B 90 ±2.5 6𝜙 8.18 19.2% 85.67 19.9% 0.73 14.2%
B400C-TEMP 16 A 90 ±2.5 6𝜙 9.19 7.4% 80.15 29.3% 0.74 36.4%
B450C-TEMP 16 A 90 ±2.5 6𝜙 9.20 3.6% 58.77 15.6% 0.47 16.1%
B450C-TEMP 16 B 90 ±2.5 6𝜙 6.25 44.6% 88.31 28.6% 0.86 15.4%
B500B-TEMP 16 B 90 ±2.5 6𝜙 7.25 8.8% 93.75 7.3% 0.95 6.4%

Table 5: Hydrogen activities in salt spray tests.

Material
Measured range of H

2

concentration in salt
spray tests [ppm]

Derived H
2
-activity

[—], C
0
= 10−8

[molH/cm3 Fe]
TempCore,
martensitic
microstructure

0.5–1.1 156 to 859

Microalloyed,
pearlitic
microstructure

0.2 156

for 45 and 90 days of exposure were, respectively, around 0.5–
10% and between 1.5 and 12%. Nominal diameter, production
type, ductility class, and nominal yield strength did not evi-
dence a strong influence on the obtained values of mass loss.

Taking into account the results of the ANOVA analysis
the distribution tests were carried out for each laboratory
separately. It was found that the distribution of the ML was
best approximated with a gamma function (Figure 8) or, in
alternative for an indicative analysis, with a Gauss distribu-
tion. Mass loss results showed a large scatter, with variation

coefficients generally higher than 30%. These variation coef-
ficients for corrosion tests in salt spray testing are not unusual.
With respect to the determination of the residual mechanical
performance of the corroded rebars it was therefore necessary
to measure for each tensile test the mass loss of the tested bar.

4.2. CDI Pit Depth. In order to understand the relation
between pit depth in accelerated salt spray test and pit depth
in salt containingmortar (i.e., embedded samples in practical
conditions), measurements of pit depth were carried out on
the corroded reinforcement samples. Experimental tests on
embedded bars were performed in 90 r.c. specimens, with
steel bar B500B of diameters 8, 10, and 12mm, for an exposure
period equal to 180 days in salt spray chamber. Concrete class
C16/20 and concrete cover equal to 10mmwere selected, able
to quickly gain the effects of corrosion on steel and represent-
ing the condition of the majority of existing r.c. buildings.

Executed investigations evidenced that, as already obser-
ved for mass loss, the distribution of pit depth on an embed-
ded bar could be approximated with a gamma function
(Figure 9); for what concerns the salt spray chamber tests, on
the other hand, no sufficient data were available to analyze
the distribution function. In any case, a simple comparison of
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Figure 5: (a) Comparison of stress-strain curves obtained from uncorroded (curves Uncorroded Ref.1, Ref.2, and Ref.3) and corroded (curves
of specimens n∘1, 2, 3, 4, and 6) specimens (B400C-16-TEMP, 90 days of corrosion, Lab. B), (b) comparison of the mean dissipated energy
obtained from corroded and uncorroded specimens (B450C and B500B) for two different levels of imposed deformation and 𝐿

0
= 6𝜙.

the obtained pit depth values for both corrosion conditions
(i.e., embedded and salt spray) is presented in Figure 10. The
difference revealed in pit depths for similar values of mass
loss is significant: the maximum value of pit depth obtained
for samples coming from salt spray tests is on the level of the
lowest value measured for the embedded samples. Similar
results were obtained in [36] for embedded samples and
bare samples exposed to salt spray testing. For similar mass
losses of approximately 2.4% the pit depth was higher for the
embedded samples, with an average value of 0.477mm with
respect to the bare samples with 0.390mm.

In [37] the pit depth values were compared for embedded
samples in cracked and uncracked concrete containing 3.0%
CaCl.The concrete samples were submitted to wet/dry cycles
for six years. For the uncracked concrete a mass loss equal to
4.2% resulted in a maximum pit depth of about 0.5mm; on
the other hand, for the cracked concrete a mass loss equal to
about 12.6% corresponded to amaximumpit depth of 1.2mm.
The pitting factor “𝑅,” that is, the ratio of maximum pit depth
to average corrosion penetration depth, was, respectively,
equal to 4.4 and 5.9 for cracked and uncracked condition.
In the same study r.c. samples with different compositions
were continuously submerged in natural sea water for six
years. Mass losses were found in the order of 20% and the
corresponding pit depth values were between 1.15mm and
2.50mm, with related 𝑅 values between 2.7 and 5.3.

These results indicate that, for the same level of mass loss,
the 𝑅 values are higher for increasing quality concrete and
for uncracked concrete, with respect to cracked condition.
This has been confirmed by results published in [38]: the
maximum 𝑅 value decreased significantly from 10 to 2 with
increasing average cross-sectional loss, between 2% to 16%.
Furthermore, as visible from Figure 10, the scatter of the pit
depth results is more significant for embedded samples than
for the bare samples in salt spray chamber test, with values
between 2 and 20 and lower than 2, respectively, for embed-
ded samples and salt spray chamber tests.

Fromwhat is herein presented, it is clear that the salt spray
test results are not usually representing the “natural” chloride
induced corrosion of rebars in concrete. The local attack
expressed by pitting factor, especially in the case of uncracked
concrete where critical chloride content at the rebar surface is
just reached, cannot be simulated well with salt spray testing.
The pitting factor 𝑅 in salt spray tests with bare samples is
significantly lower for the samemass losses: this phenomenon
then represents more the uniform corrosion due to carbona-
tion of concrete and perhaps an overlap of carbonation and
chloride induced corrosion at high chloride contents. It is
consequently evident that in salt spray testing the relation
between anodic and cathodic surface area is higher than for
chloride induced corrosion in concrete especially for the case
that the critical chloride content is just reached.
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Figure 6: (a) ANOVA for the independent parameters Institute, nominal diameter, and corrosion time on mass loss, (b) ANOVA for the
independent parameters nominal yield strength, nominal diameter, and corrosion time on mass loss.

4.3. CDI Hydrogen Absorption. For all tested reinforcing steel
bars hydrogen absorption was evident. Not clear was, on the
other hand, whether H

2
concentration was only diffusible or

diffusible and trapped. The hydrogen concentration found
in the tested specimens after 90 days of exposure in salt

spray chamber ranged from 0.1 to 1.0 ppm (Figure 11(a)). No
significant influence of mass loss on hydrogen concentration
was observed.

The statistical analysis adopting ANOVA technique did
not evidence the influence of type of production, ductility
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Figure 9: Distribution of pit depth for an embedded sample with a
mass loss of 2.23%.
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class, and nominal yielding strength on the hydrogen absorp-
tion; this was probably due to the reduced amount of data
available and to the following evident scatter of hydrogen
concentration.

Also the influence of nominal diameter (𝑑nom) was not
really clear: for a nominal diameter of 25mm the hydrogen
concentration for the 500MPa nominal yield strength was
significantly high, whereas in the case of the nominal yield
strength of 450MPa no difference against smaller diameters
was revealed.

As a consequence of what is presented above, the hypoth-
esis of no significant difference among all the obtained data
was assumed. In this way, it was possible to evaluate all mass
loss values and all hydrogen concentration values as one
single population. Both populations were approximated with
gamma distributions; for example, in Figure 11(b) the gamma
distribution for H

2
concentration is presented.

For a “mean”mass loss value of 6% (i.e., pit depth equal to
0.15mm) a “mean” hydrogen concentration due to corrosion
of about 0.3 ppm was finally assumed on the base of executed
investigations.

This value, anyway, appeared very high if compared to the
calculation of H

2
-activity derived from literature, as briefly

summarized in Table 5. The results of the hydrogen content
measurements obtained from experimental tests executed
inside Rusteel project [5]1 were at least three times higher
than the ones determined for practical conditions in exposure
class XS2 according to actual literature [23, 39]; this fact was
probably related to the very aggressive conditions represented
during tests in salt spray chamber. As a consequence, it can
be concluded that hydrogen concentration is usually lower
than the values directly obtained from accelerated corrosion
tests and, according to literature survey, not relevant for
the mechanical performance of reinforcing steels, because
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Figure 11: (a) Hydrogen concentration due to corrosion for salt spray samples (90 days of exposure). (b) Gamma distribution for hydrogen
concentration.

according to Figure 11(a) a hydrogen content of less than
0.3 ppm has no significant impact on mechanical perfor-
mance of rebars with yield strengths at about 500MPa.

5. Correlation of CDIs and PIs for
Static and Cyclic Conditions

5.1. Static Performance Correlation of Relevant PIs to CDI.
All the measured mechanical performance characteristics for
static loading condition after corrosion (yield strength 𝑅

𝑒,corr,
tensile strength 𝑅

𝑚,corr, hardening ratio (𝑅𝑚/𝑅𝑒)corr, strain at
maximum load𝐴gt,corr, and necking strain𝑍corr) were related
to the one evaluated in the “reference” conditions, for exam-
ple, in terms of residual percentage 𝐴gt = 100𝐴gt,corr/𝐴gt,0.
The mean values differentiated by laboratory were used: this
was executed to eliminate influences from nominal yield,
nominal diameter, and ductility class in order to compare
more data.

Themost important Performance Indicator (PI) for static
loads was, finally, strain at maximum load (𝐴gt): a strong
reduction of𝐴gt was observed already in presence of reduced
mass losses, while all the other performance characteristics
did not exhibit a significant decreasewith the increase ofmass
loss, according to what is well evidenced in ([5]1, [36, 40]),
simply schematized in Figure 12. For sake of clarity, no signif-
icant influence of ML on the PI 𝑅

𝑚
/𝑅
𝑒
was observable (i.e.,

no influence of testing laboratory, production type, ducti-
lity class, nominal yield, and nominal diameter on the result).
A slight linear reduction of the PI’s𝑅

𝑒
and𝑅

𝑚
with increasing

MLwas observed, but also in this case, no influence of testing
laboratory, production type, ductility class, nominal yield,
and nominal diameter on the result was detected by using
ANOVA technique. Moreover, the scatter of results was, in
general, reasonable.

A further ANOVA analysis on influencing parameters
affecting the PI residual 𝐴gt has led to the following results:

one significant influence was represented by the testing labo-
ratory. Reason for this is the difference in salt spray test results
on mass loss already discussed before. Another significant
factor on the result is the nominal diameter. With increasing
diameter the PI residual 𝐴gt decreases less importantly with
mass loss (see Figure 13). The parameters ductility class and
production type are playing only a minor role. There is only
the tendency that with increasing ductility the reduction of
residual 𝐴gt decreases less importantly with mass loss. The
decrease of residual𝐴gt decreases less importantly with mass
loss in the order of MA (microalloyed), TEMP (TempCore),
and STR (stretched). It needs to be taken into account that
nominal diameter, ductility class, and production type are
partly linked parameters and not totally independent param-
eters.

Due to the result that diameter has a significant influence
on residual 𝐴gt, the full set of data was separated into two
groups: less equal diameter 16mm and diameter 25mm. For
both groups quantile values and mean values were calculated
and are indicated in Figure 14.Whereas for diameter ≤16mm
themean value for residual𝐴gt is at amass loss of 5% at about
50%, it is for diameter 25mm at about 85%. Similar results
for residual 𝐴gt were obtained in [40] for embedded samples
in accelerated corrosion tests. Rebars with a diameter of
19.1mmwere embedded in concrete samples which had been
placed in chloride containing sand with sufficient humidity.
To accelerate corrosion a constant electrical potential of 10V
was applied which resulted in very high corrosion current
densities between 50 and 250𝜇A/cm2. In [37] pitting factors
for current densities in between 10 and 100 𝜇A/cm2 were
found between 6 and 16, which correspond quite well to nat-
ural chloride induced corrosion.This leads to the assumption
that the results on mechanical performance characteristics
obtained in salt spray testing can be used to qualify the resid-
ual performance of rebars after corrosion for carbonation
induced corrosion but also for chloride induced corrosion
with higher mass losses from 5% onwards.
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Figure 12: Representation of the trend of (a) residual elongation at maximum load (𝐴gt), (b) residual yielding strength (𝑅
𝑒
), (c) residual

tensile strength (𝑅
𝑚
), and (d) residual hardening ratio (𝑅

𝑚
/𝑅
𝑒
) towards obtained values of mass loss.

5.2. Low-Cycle Fatigue Performance Correlation of Relevant
PIs to CDI. The assumed PIs for low-cycle fatigue tests after
corrosion in salt spray chamber were the dissipated energy
(dE) for the cumulated number of load cycles till fracture of
the sample (or till the stop of the test) and the number of
cycles (𝑁) till fracture (or till the stop of the test).

The results of the experimental tests’ campaign evidenced
that the most significant parameters affecting the number
of cycles and the dissipated energy were, respectively, the
imposed testing strain (Δ𝜀) and the free length of the speci-
mens (𝐿

0
).The influence of corrosion on low-cycle fatigue PIs

was visible but not very significant, due to the large scattering
of mass loss values coming from salt spray chamber tests. No
influence was detectable for the other independent parame-
ters such as nominal yield, nominal diameter, ductility class,
and production type.

In order to evaluate in an efficient way the role of corro-
sion on the cyclic behaviour of bars, statistical analyses were
repeated neglecting the influence of strain and free length of
the specimens. This was possible via specified values for dE
and𝑁, allowingmaking the residual dissipated energy (100∗
(dEcorr/dE0)[%]) and the specified number of load cycles
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Figure 13: Influence of (a) ductility class and nominal diameter and (b) production type and nominal diameter on residual 𝐴gt.
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Figure 14: (a) Influence of mass loss on residual 𝐴gt for nominal diameter 16mm (5%, 10%, and 50% quantile). (b) Influence of mass loss on
residual 𝐴gt for nominal diameter 25mm (5%, 10%, and 50% quantile).

((𝑁corr/𝑁0)[—]) independent of strain and free test length.
As a consequence of this practical operation, it was observed
that both PI’s res.N and res.dE were strongly influenced by
corrosion. In order to estimate the PI’s res.N and res.dE as a
function ofmass loss, the following approximations were also
made:

(i) Normal distribution of mass loss in a range between
0 and 5% and between 5 and 10%.

(ii) Normal distributions of res.N and res.dE in the above-
mentioned mass loss ranges.

With these approximations, the 5% and 10% quantile values
for res.N and res.dE were calculated and implemented at the
mean value for mass loss in the predefined mass loss range:
for example, for a mass loss range from 5% to 10%, the mean
value for mass loss is equal to 7.41% and the 5% quantile value
for res.dE is equal to 48.79%.

The full set of data is provided by Table 6 and simply
represented in Figure 15. The PI’s res.N and res.dE decreased
more or less in the same slope with mass loss; a strong dec-
rease for values of mass loss lower than 5% was followed by
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Table 6: Evaluation of quantile values.

Mass loss range [%] Statistical value Mass loss [%] res.𝑁 [—] res.dE [%]

0

Mean 0.00 1.01 99.80
Standard deviation 0.00 0.07 6.24
Variation coefficient 0.00 7.29 6.25

5% quantile 0.00 0.89 89.53
10% quantile 0.00 0.91 91.80

0 <ML ≤ 5

Mean 3.39 0.81 81.04
Standard deviation 0.95 0.15 15.08
Variation coefficient 28.04 17.93 18.61

5% quantile 1.83 0.57 56.23
10% quantile 2.17 0.63 61.71

5 <ML ≤ 10

Mean 7.41 0.78 77.08
Standard deviation 1.36 0.18 17.20
Variation coefficient 18.39 22.93 22.31

5% quantile 5.17 0.48 48.79
10% quantile 5.66 0.55 55.03
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Figure 15: (a) Scatterplot for res.N versus mass loss and quantile slopes for res.N. (b) Scatterplot for res.dE versus mass loss and quantile
slopes for res.dE.

a flat slop for values higher than 5%. The residual perfor-
mance for 8% mass loss was approximately equal to 50%.

6. Relation of Practical Exposure Classes to
Corrosion Rates

The corrosion process of reinforcing steel in concrete is
divided into two periods (Figure 16(a)): the initiation period

(𝑡in), that is, the time before the onset of corrosion, and the
propagation period (𝑡

𝑝
).

During the initiation period, the carbonation front is
moving towards the steel surface or the chloride concentra-
tion is rising to its critical value; the duration of 𝑡in is strongly
influenced by concrete performance and exposure condi-
tions: a large amount of detailed information is required, for
each single building, to predict the initiation period.
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Figure 16: (a) Corrosion process over time. (b) Development of corrosion rate over time.

After critical corrosion conditions at the surface of the
reinforcing steel are fulfilled, propagation period (𝑡

𝑝
) starts

with the initiation of corrosion. The classification of the
corrosion phenomena in the propagation period (according
to what is presented in Table 1 for XC1 and XS1, also evaluable
for other exposure classes, as shown in [5]1) relates practical
exposure classes to corrosion rates and hydrogen activity.

For example, the adoption of (1) and (2) allows the cor-
relation between the values of mass loss (corrosion rates
in 𝜇m/year) and corrosion periods, as function of current
densities:

𝑐 =
𝑉 ⋅ 𝐼 ⋅ 𝑡

𝑧 ⋅ 𝐹
, (1)

“𝑐” being the corrosion rates (in 𝜇m/year), “𝑉” the molar
volume of iron, “𝐼” the current (in A), “𝑡” the time (in sec),
“𝑧” the number of electrons, and “𝐹” Faraday’s constant.

The relation between current densities and erosion rates
can be then derived, according towhat is presented in Table 7.
The adopted values of the current densities for the different
exposure classes are suggested by Rodriguez et al. [24]; the
calculated erosion rates are in good agreement with the
results shortly presented in Table 1 and reported in Apos-
tolopoulos et al. [5]1.

After corrosion initiation, the knowledge of the devel-
opment of the corrosion rates over time is required for the
evaluation of mass loss. Vu and Stewart [39] provided the
trend of the corrosion current density over time (2) in the
good case of normal corrosion evolution:

𝑖corr(𝑡) = 𝑖corr(1) ⋅ 0.85 ⋅ 𝑡
−0.29

, (2)

“𝑖corr(𝑡)” being the current density during the propagation
period (𝜇A/cm2), “𝑖corr(1)” the current density at the initiation
time (𝜇A/cm2), and “𝑡” the time.

Figure 16(b) shows the development of the specified cor-
rosion rate 𝑐(𝑡)/𝑐(𝑡

0
)over the corrosion time: after a corrosion

period of about 10 years the curve converges to a residual
corrosion rate equal to about 20% of the one evaluated
immediately after corrosion initiation.

Table 7: Ranges for corrosion rates related to exposure classes
immediately after corrosion initiation (𝑖corr,𝑡=0) [24].

Exposure class Corrosion current
density 𝑖corr [𝜇A/cm

2]
Corrosion rate
[𝜇m/year]

X0 ≈0,01 0,12
XC1 ≈0,01 0,12
XC2 0.1–0.5 1.16–5.80
XC3 0.05–0.2 0.58–2.32
XC4 0.01–0.5 0.12–5.80
XD1 0.1–0.2 1.16–2.32
XD2 0.1–0.5 1.16–5.80
XD3 0.5–5.0 5.80–58.10
XS1 0.5–5.0 5.80–58.10
XS2 0.1–1.0 1.16–11.60
XS3 1.0–10.0 11.6–1160

7. Correlation of PIs and CDIs with Practical
Corrosion Conditions

According to the results presented in the previous para-
graphs, the relevant Performance Indicators (PIs) were the
percentage strain at maximum load (𝐴gt) and the dissipated
energy (dE) and/or the number of load cycles (𝑁) till fracture
(or stop of the test), respectively, formonotonic and low-cycle
fatigue conditions.

The most relevant CDI was the mass loss. The pit depths
values and pitting factors obtained indicate that the results are
representative at least for the corrosion phenomena as severe
carbonation induced corrosion and/or corrosion in cracked
concrete with severe chloride attack (wider cracks). Hydro-
gen concentration was not taken into account because of its
minor influence.

The following example is presented as a possible approach
to qualify the residual performance of rebars in concrete
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Table 8: Relation of CDI and PIs for practical corrosion conditions.

CDI Nominal diameter: 16mm

Corrosion rate
[𝜇m/year]

Time in years to reach a mass loss of 5% for the following conditions

Poor concrete, low concrete cover,
and/or cracked concrete

Uncracked concrete or only small cracks
together with a good concrete and a
sufficient concrete cover

Low: 1.16 >150 >150
High: 11.6 <20 <45
PIs Nominal diameter: 16mm

Mass loss [%] Mean value
res.𝑁 [—]

5% quantile value
res.𝑁 [—]

Mean value
res.dE [%] 5% quantile value res.dE [MPa]

5.0 0.8 0.55 80% 55%
Mass loss [%] Mean value res.𝐴gt [%] 5% quantile value res.𝐴gt [%]
5.0 50 25

structures which are subjected to aggressive corrosion condi-
tions. The relation of CDI in laboratory tests to practical cor-
rosion conditions could be then estimated on the basis of
common literature results to practical corrosion rates [24]
and presented in the previous paragraphs. For each exposure
condition and concrete strength, concrete cover, and crack
width, the corrosion rate could be then estimated: using (1)
and (2) it is possible to determine, for each predefined mass
loss in salt spray test, the duration in practice when the mass
loss is reached under practical conditions. The mass loss in
salt spray testing could be related to the residual mechanical
performance for static and low-cycle fatigue loads. As a
consequence, it is possible to qualifymechanical performance
depending on the degree of corrosion.

As an example, for a reinforced concrete building com-
ponent in exposure condition XS2 a mass loss of 5% can be
reached for a high corrosion rate in combination with a suffi-
cient concrete cover thickness after, approximately, 45 years.
The related 5%quantile values for res.N/res.dE and for res.𝐴gt
were, respectively, approximately 55% and 25% (Table 8).

In a more simple way, the 95% of the reinforcing steel in
this building component in the defined conditionwill provide
probably at least a residual 𝑁/dE of 55% and a residual 𝐴gt
of 25%. For a reinforcing steel with an initial 𝐴gt of 10%, the
residual performance res.𝐴gt after a mass loss of 5% is about
2.5% and it will sustain at least 10 load cycles at a strain of
2.5%.This estimation can be repeated for each exposure con-
dition according to EN 1992-1-1:2005 and concrete strength,
concrete cover, and crack width.

8. Conclusions

In the presentwork the results of a statistical analysis executed
on the experimental data of tensile and low-cycle fatigue
tests on a wide range of corroded steel reinforcing bars are
presented, evidencing the correlation between Performance
Indicators (PIs) and Corrosion Damage Indicators (CDIs).

Results were presented with reference to the PI’s 𝐴gt and
dissipated energy or number of cycles to failure for, respec-
tively, themonotonic and cyclic behaviour of reinforcements,
and in relation to the CDI mass loss obtained in salt spray

testing onbare samples.This type of accelerated corrosion test
was used to study the highnumber of test samples in due time.
The corrosion phenomena obtained in salt spray testing devi-
ate significantly from corrosion phenomena (pitting factor)
obtained in practical conditions. Salt spray testing represents
practical conditions for the more uniform corrosion as a
result of a severe carbonation of the concrete and/or for
higher chloride contents at the surface of the rebar. At low
corrosion current densities the effect of pit depth on residual
mechanical performance might be underestimated.

The most important effect of corrosion phenomena was
evidenced in the case of monotonic behaviour (i.e., PI
residual𝐴gt), while the ductility capacity related to the cyclic
behaviour (i.e., PI dissipated energy and/or number of cycles)
was generally less affected by the effects of corrosion in terms
of mass loss.

As a consequence of what is presented concerning the
relationship between Corrosion Damage Indicators (CDIs)
and Performance Indexes (PIs), engineers and designers
are enabled to estimate residual mechanical performance
depending on the degree of corrosion expressed through
mass loss, a value which can easily be determined with an
acceptable accuracy.

In order to fully satisfy the seismic ductile requirements
in exposure conditions with significant corrosion rates (i.e.,
XC2 to XC4, XD2 and XD3, XS1 to XS3) and to prevent
damage due to aggressive environmental conditions with the
following degradation of the mechanical properties, addi-
tional indications, completing and improving what is already
presented in Eurocodes, were suggested, such as the adoption
of higher strength concrete (at least one class) or, in a similar
way, the design of concrete cover with the same concrete
strength but concrete cover with higher thickness (increase
by 5.0mm or more). Obviously, in the case of very aggres-
sive environmental conditions, additional measures like, for
example, the coating of the surface of concrete, cathodic
protection, could be proposed.

The statistical analysis executed using ANOVA technique
also evidenced that the influence of corrosion, in terms of
mass loss, on the decrease of the elongation tomaximum load
generally decreased with the increase of the diameter (i.e.,
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for higher diameters the effects of corrosion on the 𝐴gt were
lower). As a consequence, despite an accurate analysis of the
effects of large diameter forwhat concerns the bond condition
between steel and concrete, probably the adoption of higher
diameters can be suggested (e.g., for a required reinforcement
of 24 cm2 the use of 8 bars 𝜙 20mm instead of 12 bars
𝜙 16mm). Obviously, higher initial values of ductility (in
terms of𝐴gt) were associatedwith higher residual values after
corrosion attack: this was evidenced, for example, in the case
of microalloyed steel, for both 16 and 25mm diameters [5]1.
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Endnotes

1. The complete database of experimental tensile and low-
cycle fatigue tests can be directly downloaded at: http://
bookshop.europa.eu/en/effects-of-corrosion-on-low-
cycle-fatigue-seismic-behaviour-of-high-strength-steel-
reinforcing-bars-rusteel--pbKINA26687/.
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