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Abstract Corrosion of steel bars is a major issue for
the management of existing reinforced concrete
structures, since affecting many ageing structures
and infrastructures and introducing risk for safety and
reliability, as well as high maintenance costs. Inter-
vention strategies should be planned and carried out
according to the effective state of deterioration and to
the expected evolution of performances over time. The
critical parameters needed to evaluate these perfor-
mances are the intensity and pattern of the corrosion
attack, referring to both extension and depth of the
attack. However, this information is rarely available
and hard to predict when dealing with real structures.
This paper presents a field investigation on existing
corroded structures characterized by different envi-
ronmental conditions. Corroded bars were removed
from structural elements, the corrosion patterns were
studied, and then the bars were tested to determine
their mechanical properties. The objective of this
study is to increase the knowledge of the effects of
corrosion in natural environments and to propose a
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method to relate easy-measurable environmental con-
ditions with the characteristics of the expected corro-
sion attack, which need to be further validated.

Keywords Corrosion effects - Existing reinforced
concrete structures - Durability - Structural diagnosis
and assessment

1 Introduction

When dealing with existing reinforced concrete (RC)
structures, the proper evaluation of structural perfor-
mances over time and the selection of intervention
strategy should necessarily consider the effects of
corrosion, since they can lead to a reduction in
strength, stiffness and ductility of RC structural
members [1]. The main effects of corrosion on RC
structures can be the longitudinal and transversal bars
cross-section reduction, the concrete cracking and
spalling due to oxide expansion, and consequent
possible bond strength reduction or buckling of
longitudinal rebars in compression. Although many
studies deal with the investigation of these effects on
the structural behaviour of RC structures [2, 3], such
results are rarely considered in the common practice.

In this perspective, the DEMSA protocol (Deteri-
oration Effect Modelling for Structural Assessment)
has been proposed by the authors [4]. It provides a
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simplified procedure for preliminary detection, eval-
uation, and modelling of corrosion effects for the
evaluation of structural performances in practical
applications. In the DEMSA protocol, a relationship
was established between easy-measurable environ-
mental and aggressiveness conditions (grouped into
four different Corrosion Risk Scenarios, CRS) and the
main characteristics of the corrosion attack (such as
the average corrosion rate, i.e. the rate of penetration
of the corrosion attack into the reinforcing bars, and
the ratio of maximum to average attack). The
description of the corrosion attack would then allow
calibrating simplified equivalent damage parameters
(EDPs), such as the average and minimum residual
cross-section of the bars, the reduced compressive
strength of cracked concrete surrounding the bar, the
modified stress—strain relationship of steel and the
reduced bond strength between steel and concrete.
These parameters can be then implemented in the
structural models available in the literature in order to
evaluate whether corrosion effects could be relevant
for the structural response; the authors showed an
example of models calibration in Casprini et al., 2022
[5].

Nevertheless, the applicability of this protocol and
other methods [6-8] in structural assessment analyses
is still limited due to the lack of data related to the
expected corrosion attack characteristics in natural
environments, which is the fundamental information
to calibrate the models. Due to the difficulty in
identifying the actual corrosion pattern on the bars
embedded in the concrete, most available data on
corrosion patterns thus come from experimental
laboratory campaigns on modern bars. However,
unlike natural corrosion in existing structures, which
is a “slow” process that develops over the years, very
high corrosion current density is often applied for
short periods of time in artificial corrosion to both
represent the same level of corrosion as in existing
structures and to obtain results within a reasonable
time frame. Typical values of corrosion current
density used in experimental campaigns range
between 80 and 10000 pA/cmz, while in nature values
of corrosion rates higher than 10 pA/cm? are rarely
measured and the most common values are between
0.01 and 1 uA/cm2 [9]. Moreover, the presence of
concrete surrounding the bar leads to uneven and
hardly predictable attack patterns even within the
same bar. The effects of corrosion in terms of intensity

and pattern of the attack can thus be significantly
different in artificial and natural corrosion processes.
Some experimental campaigns simulated corrosion
processes without applying current to structural ele-
ments, as for example the long-term program carried
out at Laboratoire Matériaux et Durabilité des Con-
structions in Toulouse [3], where RC beams have been
exposed to chloride contaminated environments for
several years (up to 40 years), simultaneously with
applied loads; other researchers simulated natural
corrosion exposure on concrete samples with embed-
ded bars through wet-dry cycles in water solution
containing chlorides (5—17% of NaCl concentration)
for time periods ranging between 280 days and
3 years [10, 11]; finally, in other experimental cam-
paigns, to maintain lower values of concrete current
density (200 + 250 pA/cm?), specimens are cast by
adding chlorides in the mixing water or stored in saline
solutions [2].

In this research, a field investigation on four
existing deteriorated RC buildings characterised by
different Corrosion Risk Scenarios was carried out.
For each building, a few bars were extracted and
characterised in terms of corrosion pattern and
mechanical properties. The following sections sum-
marize the steps of the experimental program per-
formed on each structure analysed:

o Corrosion Risk Scenario (CRS) identification
according to the DEMSA protocol procedure [4];

e Analysis of the corrosion attack pattern (penetra-
tion and distribution along the bar length) through
computerized tomographic scans on bars extracted
from the investigated structural elements;

e Definition of the actual corrosion attack character-
istics (based on measured data) and comparison
with the expected ones (based on CRS, following
the DEMSA protocol procedure);

e Evaluation of the residual mechanical properties of
the bars in relation to the corrosion pattern by
tensile tests.

2 In-field investigation: buildings description
and CRS identification

Few data on the corrosion attack characteristics of
naturally corroded bars removed from existing struc-
tures can be found in the literature, mainly connected



Materials and Structures (2024)57:243

Page 3 of 25 243

to bridges [12]. The best-known examples are the
Dickson Street overpass in Montreal, which was
demolished after only 40 years of operation, and the
Stallbaka bridge in Sweden [13, 14]. Even fewer data
are available for existing RC buildings, especially
those typical of the post-world-war II European
heritage, which are indeed of primary interest because
of the urgency to define strategies for their renovation
[15, 16]. For these case studies, data from experimen-
tal laboratory campaigns are often not suitable also
because they usually refer to ribbed bars rather than
smooth bars typical of this period.

2.1 Case-studies description

In the present study, the in-field investigations were
carried out on existing buildings built between the
Sixties and the Nineties all presenting damage due to
corrosion and exposed to different environmental
conditions, thus belonging to different Corrosion Risk
Scenarios (CRS; [4]). All the buildings are located in
Northern Italy and all the studied structural systems
are cast-in-place or precast RC frames (details of the
buildings’ features may be found in Casprini, 2021
[17]). Information on the final use and type of the
buildings, construction year, the damaged structural
elements and type of damage observed during the
visual inspection carried out in 2020 are collated in
Table 1, together with the labels assigned to the bar
samples. A representation of all the sampled bars is
reported in Appendix 1.

Some information was gathered about the build-
ings’ history to better understand the exposure condi-
tions. About the abandoned building (AB), the portion
of the roof above the external colonnade, where the
damaged beam of interest is located, collapsed in
2006, along with the guttering. The elements in the
area below were then exposed to frequent stagnations
of water during rainy periods. One of these beams was
thus examined and a bar sample (total length of 2.2 m)
was extracted from the bottom layer of reinforcement
in the central part of the beam, and then divided in
three samples (AB2-3-4); the data were compared to
the ones of an adjacent beam, which was instead still
sheltered from rain (bar AB1, from the central portion
of the sound beam). The former showed rust stains,
longitudinal and transverse cracks, concrete cover
spalling and internal delamination between the bars
and the concrete cover preventing water from drying
out (Fig. 1a); the latter did not show any external signs
of damage. The car park annexed to a residential
building (RB) suffered water infiltration from the
garden above since construction. On the first beam
examined (corresponding to bar RB1, sampled from
the bottom layer of reinforcement), an additional layer
of high-strength mortar had been applied to the
concrete surface during past repair works, probably
to protect the corroding beams: a large area of internal
delamination was detected between such mortar layer
and the pre-existing concrete (Fig. 1b). The additional
layer may have prevented the water in contact with the
reinforcing bars to progressively dry out. Despite the
presence of a large amount of corrosion products on

Table 1 Characteristics of the investigated buildings and observed signs of damage

Type of building Year of Bar provenance Corrosion-induced Bar Sample
construction element deterioration
Abandoned construction, formerly 1960 Sound beam No AB1
used as a nursing home for elderly people Deteriorated beam  Delamination AB2-3-4
Annexed private car park in 1970 Beam 1 Delamination RBI1
a residential building Beam 2 Longitudinal cracking ~ RB2
School 1959 Column 1 Thin crack at the SB1
bottom corner
Column 2 Thin crack at the SB2
bottom corner
Industrial building 1990 Beam (stirrup) Spalling — Rust IB1
staining
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Fig. 1 Visible damage detected in the structural elements of the
investigated case study buildings: visible corrosion of the bars
exposed after concrete delamination and spalling in the beam

the bar surfaces, no longitudinal cracks were visible on
the concrete surface. On the second beam (RB2), the
concrete surface was not covered with an additional
plaster layer, and longitudinal cracking was detected.
In the school building, almost 10% of the RC
concrete columns inside the school rooms presented
cracks at the bottom corners corresponding to the
longitudinal bars (Fig. 1c). Signs of high relative
humidity (R.H.) were not found, and the possible
contact with water was probably related to the frequent
cleaning of the floor; bars SB1 and SB2 were extracted
from the bottom corners of two different columns.
Finally, the structural elements of the investigated
industrial building are made of precast reinforced
concrete and cladded with light metal panels. The
building unit has been in operation since 1990. In
2020, a small rust spot was noticed on the metal
cladding of an external side beam; the finishing was
subsequently removed. The condition of the beam
under the finishing is shown in Fig. 1d. In this case,
salt leakage from a tank located on the side of the room

AB2-3-4 (a) and RB1(b), longitudinal cracking at the bottom
corner of columns SB1-2 (c), corroded stirrups and cover
spalling in IB1 (d)

next to the beam led to chloride-induced corrosion; a
stirrup was removed from the side of the damaged
beam (bar IB1).

2.2 Corrosion risk scenario identification

After the visual inspection and the detection of visible
signs of damage, a Corrosion Risk Scenario (CRS)
was associated to each damaged structural element.
CRSs are connected to different environmental and
aggressiveness conditions that can trigger different
corrosion attack types and intensities. In the DEMSA
Protocol [4], four different scenarios were identified:
absence of condition able to trigger significant corro-
sion processes (Scenario 0); carbonation-induced
corrosion in the presence of wet-dry cycles or high
R.H. (Scenario 1); carbonation-induced corrosion in
the presence of low chloride content in the cementi-
tious matrix, even with moderate R.H. (Scenario 2);
and chloride-induced corrosion (Scenario 3). Within
each scenario, different aggressiveness classes (AC)
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(from O-ordinary, to H-high, and E-extreme) are also
defined, characterised by increasing chloride content
and R.H. Some instrumental tests such as chloride
content, carbonation depth and cover depth may be
required to identify the Scenario of interest: the
chloride content is measured through standard chem-
ical titration on concrete samples from the analysed
structures [18] while measurements of carbonation
depth are carried out using the quick and cost-effective
CARBONTEST® method [19].

The proposed Corrosion Risk Scenario identifica-
tion procedure is represented in Fig. 2 (referring to the
application to the beam of the abandoned building
AB2-3-4, leading to Scenario 1). The first step
consists in examining the possibility of entrance of
chlorides from the outside of the concrete (Scenario
3); their presence often entails a high risk of activated
significant corrosion processes, also in average humid-
ity conditions. Furthermore, the presence of chlorides
in the concrete matrix is evaluated also in case of
absence of chlorides in the external environment.
Indeed, a low amount of chloride in the matrix
(< 0.4% with respect to cement weight) cannot be
excluded a priori in existing structures, since they
could have been introduced during the construction
phase, through accelerant admixtures based on cal-
cium chloride or contaminated water and aggregates

VISUAL INSPECTION
AND DAMAGE
DETECTION

POSSIBILITY OF
ENTRANCE OF
CHLORIDES?

[IT] PRESENCE OF CHLORIDES IN
THE MATRIX: MEASURE OF Cl%
IN POWDER SAMPLES (5 g)

[S] COVER MEASUREMENT (cc)
[IT] CARBON TEST

OUTPUT:
CARBONATION DEPTH (dCO,)

(Scenario 2). Also, in most cases, especially when the
attack caused by chlorides is localized (Fig. 1c), the
external signs of damage may be less evident than
those due to carbonation induced corrosion and
presence of water (Fig. 1a); in contrast, the corrosion
attack may be more relevant and dangerous.

If chlorides related corrosion is then excluded, the
possibility of carbonation-induced corrosion (Sce-
nario 1) is evaluated. In this case, the activation of
corrosion is mainly related to carbonation overcoming
the concrete cover depth and depassivating the steel
bars, therefore the depth-of-carbonation and cover
depth measurements should be compared. However,
even if bars are depassivated, in absence of frequent
contact with water or high R.H., corrosion processes
may neither activate nor lead to significant effects on
the structure. This is clear from the example related to
bar AB1 and bars AB2-3-4 (Fig. 3); in both cases
carbonation had already reached the rebar level, but
corrosion did not occur in bar AB1, located in a dry
beam sheltered from rain. So, the last step of the
identification procedure regards the detection of the
possible contact with water or the presence of high
R.H. The procedure was applied to all the considered
cases. The results of the visual inspection and material
tests, and consequent selection of the Corrosion Risk

SCENARIO IDENTIFICATION PROCEDURE

[S] INSPECTION OF
ELEMENTS NOT
SHELTERED FROM RAIN
OR SUBJECTED TO
WATER STAGNATION

Cl%>0.1%

IS THERE ANY
CONTACT
WITH WATER
OR HIGH R.H.?

YES: SCENARIO 1

SCENARIO 1

Fig. 2 Example of Scenario Identification for sample AB2-3-4 (adapted from Casprini et al., 2022 [4]); type of action required:

[S] survey, [IT] instrumental test
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RBI — as extracted (CRS 2)

-

IB1 — as extracted (CRS 3)
- R B 'k

AB3 —scan

RBI1 - scan

Fig. 3 Details of some portions of the bars, as extracted and by tomographic scan: uncorroded bar AB1, corroded bar AB3, heavily

corroded bar RB1 and IB1

Table 2 Corrosion Risk Scenario identification for the examined samples: collected data

Bar  Exposure condition cc dCO, dCO, > cc ClI quantity [%]/ Water contact Type/ Scenario—
# [mm] [mm] Yes/No No No Class
AB1 Outdoor sheltered from 20 53 Yes No No 0
AB2  rain 25 46 Yes No Leakage in the case of 1-E
AB3 No rain 1-E
AB4 No 1-E
RB1 Basement sheltered from 15 40 Yes 0.27% Infiltration 2-H
RB2  Tain 15 70 Yes No Rare 1-H
SB1 Indoor 35 100 Yes 0.20% Floor cleaning 2-0
SB2 45 90 Yes 0.34% Floor cleaning 2-0
IB1  Outdoor with finishing - - n.a 2.5-5% No 3-E

Scenarios and aggressiveness classes for each speci-
men are reported in Table 2.

3 Analysis of the corrosion attack on naturally
corroded bars

The primary effect of corrosion on a steel bar is the
reduction of its cross-section, which entails also a
strength reduction. Therefore, the effects of corrosion
on the structural behaviour of RC elements may be
first considered by modelling a reduced equivalent
diameter of the corroded bars [6]. This equivalent

diameter may be estimated as a function of two main
characteristics describing the corrosion attack, which
are the average corrosion rate v,,,, and the maximum to
average attack ratio R, [4]. Such characteristics
depend on the type of corrosion attack and vary for
each Corrosion Risk Scenario (CRS). With reference
to the case study buildings, which were subjected to
different attacks, the corrosion pattern is determined
by means of tomographic scans. Then, starting from
these measured residual cross-section distributions,
the corrosion attack characteristics can be estimated
and compared to the reference ranges defined in the
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literature for different environmental conditions (here
associated with the CRSs).

3.1 Corrosion pattern distribution on corroded
bars

After the extraction, the bars were cleaned from
corrosion products. Mechanical cleaning through
sandblasting, at approximately 5.5 bars of pressure,
was preferred to other cleaning methods, such as
metallic brushing and acid cleaning, being considered
as the most effective and least time-consuming
method in removing corrosion products from the bar
surfaces [20]. The bars were then measured and
weighed to obtain the bar length L, and mass M,,. The
nominal original diameter ¢, was estimated by
measurement of non-corroded parts of the bars or
from original drawings, and the nominal cross-section
Ay calculated accordingly. The bar surface represen-
tation was obtained through Computerized Industrial
Tomography scans performed by TecEurolab® (de-
tector: flat panel PE XRD 1621 AN 14 ES, maximum
resolution 70 pm, pixel pitch 200 pm).

From the tomographic scans, it was possible to
observe that, for each specimen, the qualitative
corrosion pattern was consistent with the expected
one, in relation to the CRSs. The bar AB1, for which
Scenario 0 was assumed, was indeed uncorroded
(Fig. 3). Also, the bar subjected to carbonation-
induced corrosion presented a quite uniform cross-
section reduction along the bar segment length and a
large amount of corrosion products (AB3 in Fig. 3);
bars belonging to Scenario 2 featured localized
attacks, either in the pit-shape or extended over a
reduced length (as bar RB1 in Fig. 3); finally, bars
characterized by chloride-induced corrosion (IB1 in
Fig. 3) showed several localized deep attacks and
experienced a heavy cross-section reduction. As a
matter of fact, an increase of the intensity of the
corrosion attack by increasing the Scenario and the
aggressiveness class is observed.

The output obtained by the tomographic scans (a
mesh describing the surface geometry) were then
processed by the software vmtk (The Vascular Model-
ing toolkit, [21]), usually adopted for the analysis of
blood vessels, to obtain a geometric description of the
distribution of the actual residual cross-section along
the bar length. The spacing between bar sections was
set equal to 1 mm provided that shorter distances did

not result in more detailed information. The output of
the process is therefore the cross-section measure-
ments A; at the chosen locations (Fig. 5). Finally, for
each specimen, some characteristics of the corrosion
pattern, defined in Table 3, were calculated by elab-
orating the available data; results are reported in
Table 4.

The results in terms of average residual cross-
section obtained by gravimetric method (A, ,,) match
very well with those obtained with tomographic scan
(Agvgs» Table 4), since, in this investigation, the
samples extracted and analysed were subjected to
tomographic scan throughout their entire dimension,
while in other studies [14], 3D scanning could be
performed only on some portions of the bars, and the
results compared with the weight loss of the whole bar.

Although the results in Table 4 cannot be general-
ized due to the limited number of analysed bar
samples, they allow identifying some significant
parameters to describe the attack distribution along
the bar length in relation to the corrosion risk scenario,
namely the cross-section range 4A;/A,.q s and the
coefficient of variation Co.V. of the corrosion attack
distribution. The former highlights the extreme values
of the corrosion attack compared to the average
residual cross-section and therefore it accounts for
both the attack depth and the average residual
dimension of the bar. The latter also provides infor-
mation on the variability of the attack distribution
along the bar length. Such parameters assume low
values for bars in Scenario 1 (4A,/Agg:s < 10% and
Co.V. < 2%), and increase according to the chloride
content, which is the main factor controlling the attack
variability. Indeed, higher values are found in Sce-
nario 2 (10% < 4A,/Aavg s < 60% and 2% < Co.V. <
20%) and the highest in Scenario 3 (44,/A 4,15 > 60%
and Co.V. > 20%). These values, along with the
minimum residual cross-section, are reported in
Fig. 4, showing that, for the analysed bars, the
corrosion attack progressively becomes more variable
and intense, when shifting from Scenario 1 to 3.

In the following graphs, the residual cross-section
distributions A; obtained from the tomographic scans
are shown (continuous red and green lines in
Fig. 5a,b,c,d), along with additional cross-section
measurements: the initial section A, refers to the
assumed original diameter, represented by the solid
grey lines, and the inherent tolerances (defined as +
4.5% with respect to the original section [22]),
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Table 3 Geometric characteristics of the corrosion attack on rebars, definition of the parameters

Symbol Unit Parameter Formula or measurement
myo g/m nominal linear mass density myo = Ao * Vseel
Vsteat = 1850 kg/m’

my . g/m corroded linear mass density mye = My/Ly
Am % mass loss with respect to the nominal one Am = [(mg — mye)/myp)] - 100
Advgw mm?> average cross-section by gravimetric method Aavgw = Ao - (1 — Am/100)

% (absolute and percentage of the nominal one) (Aavgaw/Ao) - 100
Aqvgis mm?> average cross-section by scan Awvgs = mean(A;)

% (absolute and percentage of the nominal one) (Aavgus/Ao) - 100
Aints mm? minimum cross-section by tomographic scan Aminss = min(4;)

% (Amins/Ao) - 100
Aax.ts mm?> maximum cross-section by tomographic scan Amax s = max(4;)

% (Amax.s/Ao) - 100
AA mm? cross-sections range AAjy = Amaxss — Aminus
AA, /Ao % (in percentage of the nominal one) (AA;5/Ap) - 100
AA /A g 15 % (in percentage of the average one) (AAss/Agugss) - 100
AAg, mm? average cross-section reduction AAge = Ao — Advg s
AA,ax mm? maximum cross-section reduction AApax = Ao — Amings
R - maximum on average attack ratio Ryec = Minax/AAayg
st.dev mm?> Standard deviation of scan measures N

(N = number of measurements) st.dev = \/ ﬁ ' [:ZI (Ai — A“V&"‘)z

(A% % Coefficient of variation of scan measures C.V. = (st.dev/Auygys) - 100

Table 4 Geometric
characteristics of the
corrosion attack pattern on
the bar samples extracted
from the case study
buildings (parameters are
defined in Table 3)

Bar ¢y Ay Apgw Aavgrs Amings Amaxss  AAss % X‘ifi Ry stdev Co.V
mm mm’> mm*> mm* mm*> mm’> mm % % - mm %

(%) () () (%)

AB2 16 201.1 1914 191.1 184.1 1974 133 6.6 69 170 244 13
(95.2) (95.0) (91.6) (98.2)

AB3 1944 1935 1879 1973 94 47 49 175 179 09
96.7) (96.3) (93.5) (98.1)

AB4 1909 190.7 181.3 1975 162 81 85 190 359 19
(94.9) (94.8) (90.2) (98.2)

RB1 20 3142 2822 2855 2532 2994 463 147 164 193 1095 39
(89.8) (89.9) (80.6) (95.3)

RB2 16 201.1 193.7 193.1 1904 1976 72 3.6 37 135 116 0.6
(96.3) (96.1) (94.7) (98.3)

SB1 103 833 726 723 602 823 22.1 265 305 21 508 7.0
(87.2) (86.8) (72.3) (98.8)

SB2 98 754 63.1 62.8 435 759 319 423 508 25 10.62 169
(83.7) (83.2) (57.4) (100)

IB1 10 785 425 419 252 595 342 43,6 81.7 145 9.63 23
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Fig. 4 Values of % minimum cross section A,i,/A (@), cross-section range over the average section (b) and of the coefficient of

variation (¢) in different scenarios (S1-S2-S3)

described by the dotted grey lines; the average cross-
section by digital scan A,,,,; and the average cross-
section obtained by weighing the corroded bar A, ,,
(lighter red and green continuous lines), which are
always very similar; the maximum A,,,, and minimum
A,in cross-section measured (light red and green
dashed lines), to highlight the extension of the range of
the cross-section measurements. The cross-section
measurements are grouped together for each structure
(in Fig. 5a—d), to emphasize similarities and differ-
ences of corrosion patterns in the same structure,
which does not always correspond to same aggres-
siveness conditions.

Some considerations on the corrosion attack pattern
in the examined bars can be drawn. The main
characteristic of the attack on bars AB2 and AB4
(green and red solid lines in Fig. 5a, respectively) is a
fairly uniform cross-section reduction corresponding
to 5% of the original cross-section, as expected for
Scenario 1, except for two segments of almost 15 cm
(over the total length of 220 cm) that present a higher
reduction of about 10% (right end of the bar AB2 and
centre of the bar AB4). In these regions, the presence
of internal delamination at the rebar level could have
prevented water from draining out during rain periods,
leading to a more sever attack; in this case, the
corrosion patterns observed in the two bars (same
corrosion risk scenario) have similar characteristics in
terms of intensity of the attack and variability of the
attack distribution. In building RB (Fig. 5b), the
corrosion attack is very different between the two
bars extracted from the two selected structural
elements, confirming the presence of two different
CRSs. Although the higher carbonation depth mea-
sured in the beam RB2 may show a higher porosity
than beam RB1, and relatively lower quality of the

concrete surrounding the bar, the observed attack is
much stronger in bar RBI1, with a cross-section
reduction of approximately 19%. This can be due to
the presence of a low chloride content in RB1 (0.27%
with respect to cement weight) (Scenario 2); in
addition, the hygroscopic nature of chlorides may
have contributed in keeping a higher internal humidity
in the concrete, leading to a stronger attack.

As for the school building SB (Fig. 5¢), several
localized deep attacks are present along the bars SB1
and SB2 due to the presence of chloride ions in the
cementitious matrix (Scenario 2). More evidently than
in the previous buildings, the corrosion attack seems to
involve all the bar perimeter, further confirming that
chlorides are spread throughout the surrounding
concrete. It should be noted that, by carrying out a
preliminary survey of the building, neither evident
signs of corrosion-induced damage or of aggressive
environmental conditions could provide warnings
about the actual state of preservation of the reinforced
concrete elements. The building was in use, normal
indoor R.H. was observed, and only thin cracks were
present at the bottom corners of the columns. Despite
such a normal environment, a small quantity of
chloride ions with respect to cement weight produces
arelevant increase in the corrosion in some portions of
the reinforcement, with a maximum cross-section
reduction of 45%, which is one of the most severe
damages detected, also due to the small size of the
bars.

Finally, the bar of the industrial building IB1
(Fig. 5d), corroded in a highly chloride contaminated
environment (Scenario 3), shows the heaviest and
most uneven cross-section reduction, despite being the
building the most recently constructed among the
analysed case studies. Although the ratio between the



243  Page 10 of 25

Materials and Structures (2024)57:243

110 —
100 (
90 \
80 AB2
Apmin = 92%
g 70
<O
~ 60
<
50 yaa \
10 AB2 AB2, Aavg AB2, Amax Amin \
AB4 AB4, Aavg AB4, Amax Amin u
30
0 150 300 450 600 750 AB4:
x bar [mm] Amin = 90%
(@)
110
100
90
80 RB1
X 70 Amin = 81%
<O
~ 60
<
50
40 RB1 RB1, Aavg RB1, Amax Amin
RB2 RB2, Aavg RB2, Amax Amin
30 >
0 150 300 450 600 750 RB2
x bar [mm] Apin = 95%
(b)

Fig. 5 Residual cross-section distribution for: (a) the aban-
doned building (AB2-AB4), (b) the residential building (RB1-
RB2), (¢) the school building (SB1-SB2), and (d) the industrial

maximum and average corrosion attack was expected
to be very high for the specimen in Scenario 3 (values
ranging between 4 —+ 10 are reported in the literature
in the case of chloride-induced corrosion), the content
of chloride in the concrete surrounding the bar was so
high (2.5-5%) as to lead to a widespread intense attack
along the whole bar length, reducing drastically also

building (IB1) on the left. Examples of the sections obtained in
some significant location, on the right. (All bar samples have
different total length L)

the average residual cross-section and consequently
the ratio Ry, which, in this case, resulted equal to
1.45.
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Fig. 5 continued

3.2 Estimate of the corrosion attack
characteristics

Starting from the measured residual cross-section
distributions, the main characteristics of the corrosion
attack which may have occurred in the buildings were
estimated in terms of average corrosion rate v,,, and
maximum to average attack ratio R,,.

SB1, Aavg
SB2 SB2, Aavg

SB1

Amin = 72%
— — —-SB1, Amax Amin
SB2, Amax Amin
450 600 750 SB2
Amin = 57%
IB
Amin = 32%
450 600 750 IB
A =47%

These characteristics of the attack were calculated
through the formula expressed in Table 5. First,
considering an equivalent regular circular cross-sec-
tion of the corroded bar, the average ¢, and
minimum ¢,,;, - residual diameter are directly calcu-
lated by the average and minimum residual cross-
section. The average and maximum corrosion pene-
tration p,,, and p,,, are then estimated as the
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Table 5 Estimate of the corrosion attack characteristics, definition of the parameters

Symbol  Unit Definition Equation

K mm/years'>  CO, penetration rate K =dCO>/+\/Tsurvey — To,age

T; years corrosion initiation time T; = cc*/K?

T, years corrosion propagation time Ty = (Tsurey — Toage) — T

T, years corrosion time Estimated depending on the Scenario

Gave.c mm average corroded diameter

Bmin.c mm minimum corroded diameter

¢avg,c =V 4- AIIVKJS/TE
¢min,c =V 4- Amiﬂ-,ts/n

Pavg pm average corrosion penetration Pavg = ($0 = Pavge)/2  model 1
Pavg = ¢O - (bavg,c model 2

Pmax pum maximum corrosion penetration Pmax = Po — Prminc

R, - maximum to average corrosion attack ratio in terms of penetration R, = prax / Davg

Vavg pm/year average corrosion rate Vavg = Davg /T,

difference between the original diameter ¢, and the
equivalent diameter of the average corroded cross-
section ¢ye ., and of the minimum corroded cross-
section ¢, o, respectively. According to a simplified
model proposed in the literature [6], the average
corrosion penetration can be estimated by following
two different models, among others (Model 1 and 2 in
Fig. 6): in the former, the attack is considered as
homogeneous on the bar section, and the diameter
reduction is twice the corrosion penetration depth; in
the latter, the corrosion attack occurs from one side of
the bar and the corrosion attack penetration corre-
sponds to the diameter reduction. Consequently, the
average corrosion penetration (and the corrosion rate
Vavg) Obtained with model 2 is doubled with respect to
the same obtained with model 1. The maximum to
average attack ratio in terms of corrosion penetration
R, can finally be calculated; whereas the corrosion rate
Vave Tequires the definition of the corrosion time 7,

Pavg

Aavg,model 1

Aavg,mode] 2

which can be equal or lower than the corrosion
propagation time 7),. The corrosion propagation time
is the difference between the structure age T, and the
corrosion initiation time 7;, where the structure age is
assumed as the time frame from construction up to the
date of the investigation (T,,.,); the initiation time is
the time frame from construction to the moment when
aggressive substances (carbonation or chlorides) reach
the rebar level (Equations in Table 5). In detail, for
carbonation-induced corrosion, this can be prelimi-
narily obtained by comparing carbonation depth with
the concrete cover thickness. Indeed, by adopting
Fick’s second law of diffusion [23] to describe the
penetration of carbonation in concrete, the CO,
penetration rate K is first estimated by considering
the depth of carbonation reached at the time of the
survey (since the moment the structure was exposed to
an aggressive environment, marked as T, ,q,, Which
often corresponds to time of construction), and then

Pavg Pmax

Fig. 6 Equivalent average and minimum residual cross-section for the corroded bars according to penetration obtained with model 1

(left) and model 2 (centre) [4]
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applied to obtain a first rough estimation of the
initiation time. After bars depassivation, in natural
environments, corrosion rate is not constant over time,
but it is characterised by daily and seasonal variation
related to the micro-climatic and aggressive condi-
tions in the concrete surrounding the bars. However, in
order to estimate values of corrosion rates to be
associated with the Scenarios, an average corrosion
rate, constant over the corrosion time 7. is considered.

Results are presented in Table 6. While the corro-
sion attack distribution and its geometrical character-
istics (Table 4) are obtained by the elaboration of the
data resulting from the tomography and can be
considered accurate, several assumptions were made
to obtain an estimate of the corrosion attack charac-
teristics of interest (reported in Table 6). The main
parameters influencing the results are the definition of
the initiation and effective corrosion time (related to
the available information about the building history,
the accuracy of in-field measurements of carbonation
depth or chloride profile) and the model adopted for
the calculation of corrosion penetration, which
depends to the type of corrosion attack and the shape
of the residual cross-section. In real structures, it is
often difficult to estimate the approximated initiation
time, due to the variability of both the concrete cover
dimension and of the carbonation depth. However, for
the case-study buildings, this information is not so
relevant. For example, in the building AB (60 years at
the time of the survey), where corrosion processes
activated after the gutter collapsed (14 years before
the survey), the possible variability in the duration of

Table 6 Estimate of the corrosion attack characteristics, results

the initiation time (estimated as 18 years after con-
struction) does not influence the calculation of the
corrosion time. Also, when initiation time is estimated
to be very close to year of construction, its influence on
the corrosion rate’s estimate decreases with the age of
the structure (see for example the building RB), and so
do the uncertainties related to this information. In
chloride-induced corrosion (scenario 3), the propaga-
tion time usually corresponds to the corrosion time
because, as the critical chloride threshold reaches the
rebar level, an intense attack occurs, and the structural
safety may be compromised. For bar IB1, although the
estimated corrosion rate is very dependent on the
definition of the propagation time, which is unknown,
the corrosion rate results are very high compared to all
the other scenarios, up to an order of magnitude, even
when 10 years of active corrosion are considered.

As for corrosion penetration, Model 1 was chosen
for those bars in which the attack was mainly triggered
by the presence of chloride surrounding the bar; in the
other cases, being water leakage and infiltration the
main cause of corrosion, model 2 with the attack
penetrating from one side of the bar was assumed. It is
therefore worth noting that, the estimate of the average
corrosion rate and of the maximum-to-average attack
ratio, being both dependent on the average corrosion
attack penetration, may be double or half of the
proposed value, according to the selected model.

The parameter indicating the ratio between the
maximum and average corrosion attack on the bar
section has been herein expressed in terms of maxi-
mum corrosion attack penetration over the average

T, K Ti T, T, Pave,c Omine  Model R, Vavg
years mm/years ™ years years years mm mm - - pum/year
AB1 60 6.8 8 52 0 - - - - -
AB2 60 5.9 18 42 14 15.60 15.31 2 1.72 28.6
AB3 60 59 18 42 14 15.70 15.47 2 1.76 214
AB4 60 59 18 42 14 15.58 15.19 2 1.93 30.0
RB1 50 5.7 7 43 43 18.97 17.95 2 1.98 24.0
RB2 50 8.5 3 47 47 15.68 15.57 2 1.36 6.8
SB1 61 12.8 7 54 54 9.59 8.76 1 4.33 6.6
SB2 61 11.5 15 46 46 8.94 7.44 1 5.49 9.3
IB1 30 n.a n.a na 2-10 (6)* 7.30 5.66 1 3.21 675-135 (225)
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penetration (R, = pyav/Pavg).- This parameter R,
should be preferred to the maximum cross-section
reduction over the average reduction (R, = 4A,,./
4A,,,) for the characterization of the Scenarios since
the latter is also influenced by the bar original
diameter. Val, (2007; [24]), in expressing the ratio
between the maximum and average attack, suggest to
the ratio between the maximum attack penetration in
the pit (by modelling the actual pit shape) and the
average attack penetration (by assuming a uniform
attack). However, as far as the preliminary assessment
of the existing structures residual capacity is con-
cerned, difficulty may arise in defining the pit shape
and consequently defining the actual dimension of the
minimum residual cross-section in real applications.

Finally, the characteristics of the corrosion attack
estimated in this work were compared to data found in
the literature, in relation with average corrosion rates
measured in several environmental conditions. Cor-
rosion rates reported in the literature (referred as B—
Bertolini, et al., 2013 [23]; MA—Martinez &
Andrade, 2009 [9]; R—RILEM, 1996 [25]) and values
from the current investigation (herein labelled E) are
shown in Table 7. It is worth noting that the values of
the corrosion rate measured in this work on existing
structures match well to the intervals proposed in the
literature. However, it is evident that the proposed
value ranges are still too wide to be adopted in the
practical applications and should be refined by
extending the in-field data collection and inventory,
to ensure a reliable stochastic database. As for the
other characteristics of the Corrosion Scenarios to be
defined (maximum to average attack ratio, attack
distribution along the bar length), few data are
available in the literature which can be associated
with the Scenarios [26]. For this reason, the data
collected can be used to draw some preliminary
considerations on those parameters, although they
cannot be used as a reference, for the limited number
of samples analysed.

4 Effects of corrosion pattern on the mechanical
behaviour of naturally corroded bars

The possible variation of the mechanical properties of
naturally corroded bars was also investigated. The bars
sampled from the existing buildings were subjected to
tensile tests to determine their residual strength and

ductility, and the results were related to their corrosion
pattern. In order to investigate the relationship
between the corrosion pattern on the bar and its
mechanical behaviour, formulations are proposed in
the literature, based on empirical equations or numer-
ical models, aimed at defining a modified stress—strain
relationship for the corroded bar. Among those, Cairns
etal., 2005 [27] investigated the behaviour of bare bars
with mechanical induced localized damage (simulat-
ing pitting corrosion) and of bars embedded in
concrete subjected to artificial corrosion. It emerged
that a strong reduction in ductility is noticed in
presence of localized attacks, and that the effect on the
yield strength (considered the main design parameter
for bar resistance) are less significant. Imperatore
et al., (2017 [28]) defined empirical relationship for
the mechanical parameters of corroded bars as a
function of the mass loss, starting from experimental
tests on artificially corroded bars; Haefliger and
Kaufmann, 2022 [8] investigated the behaviour of
RC elements in tension with embedded locally
corroded reinforcement, and proposed a modified
tension chord model for structural analysis.

In the experimental investigations with artificially
corroded bars, reference uncorroded samples are
usually available and used to measure the initial
mechanical properties. In this work, dealing with
existing structures, an uncorroded reference bar por-
tion was not always available, therefore the compar-
ison was carried out, when possible, between the
corroded bar and a reference smaller cross-section
specimen obtained by smothering the corroded bar
itself as to remove the outer corroded layer and obtain
a sample with uncorroded steel and uniform cross-
section distribution.

This operation may have led to a slight reduction in
the strength of the reference specimens compared to
that of the original bar, due to the removal of the outer
layer of the bar cross-section. Depending on the
manufacturing process and resulting steel microstruc-
ture, the effects of the outer layer removal can vary
significantly in steel bars. The outer layer usually
presents higher mechanical properties (in terms of
strength) with respect to the inner core (which instead
is characterized by higher ductility). This effect is
likely to be modest for the examined bars since, in the
past, the required mechanical properties were obtained
through the use of a high carbon content, resulting in a
slight difference between the characteristics of the
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Table 7 Representative average values of the corrosion rate in
each Corrosion Risk Scenario divided into three aggressiveness
classes (O-Ordinary, H-high, E-Extreme). Values proposed in

the literature: B [23], MA [9], R [25], E (estimated values from
existing structures), T [26]

Scenario

S1 S2 S3

Corrosion phenomenon

Average corrosion CLASS O
rate v, [pm/
year]

CLASS H
High R.H. (S1-S2), chloride airborne (S3)

CLASS E

Alternation of very wet/dry environment (S1-S2) MA: 5
or zones of water stagnation, splash/tidal zone R. 12_50

(83)

Maximum to average attack ratio R,

Maximum attack type on the bar length

Possible attack distribution on the bar length

Ordinary R.H. (S2) or marine atmosphere (S3)

Carbonation- Carbonation- Critical C1™

induced induced threshold at rebar
corrosion corrosion + CI— level
B: 2-10 B: 10-50
E: 7 (0.20% CI) MA: 4
10 (0.34% Cl) R: 940
B: 2-10 B: 10-100 B: 50-100
MA: 2 E: 24 (0.27% Cl) MA: 30
R: 1-12 R: 40-80
E: 7
B: 10-100 B: 100-200 B: 100-1000
MA: 70
R: 80-120
E: 22-30 E: 220
MA: 1 E:2.0 - 26 MA: 10
E: 13 +19 T:4 = 8
E: 1.6
Portion of the = Localized deeper  Pitting
bar attacks
Uniform Spread with Spread with deeper

attacks or very
localized

localized deeper
attacks

internal core and the outer layer; this effect is more
pronounced for bars manufactured today by means of
quenching and self-tempering processes [28]. The
same considerations on the bar strength possible
reduction hold for the effect of corrosion penetration
since the attack largely involves the outer layer of the
bar.

4.1 Specimen preparation and test procedure

Tensile tests were performed on all the sampled bars,
except for IB1, being too short for a reliable test. Most
of the tested bars segments were plain steel bars from
the ‘60 s, with original diameter ranging between
16 = 20 mm, probably manufactured by hot-rolling.
The bars from the school building SB1-2 featured
instead an original nominal diameter of 10 mm, being
probably cold-drawn profiles.

Although the bars come from different structures
and could be made of different types of steel,
similarities in the measured properties, the periods of
construction, and the fact that the bars are smooth, may
indicate that the bars are made of the same type of
steel, most likely AQS50 [29], with yield strength
fyx > 270 MPa, tensile strength fy ranging between
500 <+ 600 MPa, and percentage elongation after
fracture (i.e. the elongation measured after the test
with respect to a reference length, expressed as a
percentage of the length itself) A > 16% [30]. The
tensile tests were carried out on corroded bars
extracted from the buildings and on reference speci-
mens according to EN ISO 15630-1 [22] and EN ISO
6892—1 [31], respectively. All the samples were
subjected to monotonic tensile tests up to failure,
conducted in displacement control.
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4.1.1 Tensile tests on reference specimens

Reference specimens were prepared according to
Annex D in EN ISO 6892-1 [31], and symbology
adopted accordingly. The uniform cross-section of the
reference specimen (S,) was chosen imposing to be
smaller than the minimum section of the corroded bar,
in order to obtain a sample with uniform cross-section
distribution, not affected by corrosion. The reference
length for elongation measurement (L,) was marked
on the sample before the test; the distance between
marks was measured at the end of the test (L,). The
elongation after fracture A of each sample was
measured as A = (L,-Ly)/Ly.

4.1.2 Tensile tests on corroded bars

As for the corroded bars, failure always occurred at the
bars’ weakest sections, characterized by the cross-
section A,,,;, (Table 4). Therefore, the effective stress
reported in Fig. 7 is calculated as the axial tensile
force (N) recorded during the test divided by this value
(6 = N/A,,.in)- The same plot is reported by considering
the nominal stress, that is obtained by dividing the
axial load for the nominal cross-section (6 = N/Ay;
Fig. 8). As for the conventional strain ¢* reported in
x-axis, the relative displacement between bar

700
600
500

400

300

N/A.i, [MPa]

200

o

100

Fig. 7 Comparison of stress—strain plots obtained for different
bars by dividing the applied load N for the minimum cross-
section of the bar. The strain €¥* reported in x-axis is the relative
displacement between bar anchorages divided by the bar initial

anchorages over the bar length is considered. It should
be noted that such measurements can provide infor-
mation about the behaviour of the bar, but it cannot be
used to determine the correct elongation (and conse-
quently the actual strain during the test) because of the
possible slippage of bar anchorages. The actual strain
is thus smaller than the registered conventional strain
¢*and can be only locally determined by strain gauges
(by smoothing the bar surface and gluing them on it,
thus altering the residual cross-section distribution) or
by an extensometer. However, neither of these two
methods provide significant information in the case of
corroded bars, referring only to the portion of the bar
in which they are applied and therefore being not
suitable for bars with uneven cross-section distribu-
tion. Due to the absence of such measurements, the
stiffness of the bar in the elastic branch cannot be
accurately determined. For the analysed bars, an
estimate of the ductility reduction was therefore
obtained through the manual method, by measuring
the elongation after fracture (as for the reference
specimens); equidistant marks at 10 mm intervals
were made before the test, along the whole bar length.
The percentage elongation A(%) was then measured
after the test on a reference gauge length

Lp=100 mm, at a distance of the largest
SRS T T -
AB3_S1 AB4_S1 RB2_S1
SB2_S2 - SB_ref e AB_ref
15 20 25 30

e* [%]

length. Gradation of the same colour is assigned to bar
belonging to the same building; CRS of reference is reported
in the legend (SO-1-2-3)
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Fig. 8 Comparison of stress—strain plots obtained for different
bars by dividing the applied load for the initial nominal cross-
section of the bar. The strain €* reported in x-axis is the relative

Table 8 Tensile tests results

15 30

e* [%]

displacement between bar anchorages divided by the bar initial
length. Colours and legend as in Fig. 7

Extracted Lo.bar (O Amings Fy Fn. fy nom fu.nom fy min fu.min Lo L, A
bars [mm] [mm] [mmz] [kN] [kN] [MPa] [MPa] [MPa] [MPa] [mm] [mm] [%]
ABI1 290 15.9 193.6 73.3 106.1 367 534 377 548 100.0 118.1 18.1
AB2 379 16 184.1 68.0 100.8 338 501 369 548 100.0 111.5 11.5
AB3 367 16 187.9 71.0 102.0 353 507 378 543 100.0 112.6 12.6
AB4 366 16 181.3 69.6 98.8 346 492 384 545 100.0 113.8 13.8
RB1 485 20 253.2 98.9 150.7 315 480 391 595 100.0 107.5 7.5
RB2 400 16 190.4 69.9 108.3 348 539 367 569 100.0 116.0 16.0
(SB1) 325 10.3 60.2 26.2 39.7 314 476 435 659 50.0 54.1 8.2
SB2 200 9.8 43.5 8.0 25.0 106 331 183 574 50.0 51.5 3.0
Ref. Lo par D, So Fy Fi fy,nom fu.nom fy,min fumin Lo L, A
Specimen [mm] [mm] [mmz] [kN] [kN] [MPa] [MPa] [MPa] [MPa] [mm)] [mm)] [%]
AB_ref 78 12.3 118.8 419 64.0 353 539 353 539 60.0 76.7 27.8
SB_ref 40 5.65 25.1 9.2 13.9 367 553 367 553 25.0 33.2 32.8

measurement between 50 mm and two diameters
away from the fracture [22].

4.2 Tensile test results

The results of the tensile tests are reported in Table 8
and the stress-conventional strain relationship is
compared for all the tested samples in Fig. 7,8.
Reference specimens were prepared for the sole

groups of bar AB (AB_ref) and SB (SB_ref). For the
abandoned building, the uncorroded bar ABI1 (Sce-
nario 0) was also tested, and the results were compared
with the corroded bars removed from the same
building (AB2-3—4 in Scenario 1). Since it was not
possible to obtain a reference specimen for bars RB1-
RB2, the reduction of the mechanical properties of the
bar RB1 was estimated by comparing its behaviour
with that of bar RB2, sampled from the same building,
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and only slightly corroded. Finally, the failure location
for bar SB1 was inside the anchorage and for this
reason the test may not be considered valid. Consid-
ering the residual cross-section profile of the sampled
bars reported in Fig. 5, it should be noticed that some
portions of the bars were removed before testing,
either to have similar length among tested bars from
the same building or to prepare reference specimens.
Following portions were removed: a length of 176 mm
from the left in bar AB2; 100 mm from each side in
bar AB4 and 120 mm from the left in bar SB2. In
Table 8, the resulting length between anchorages is
reported for each tested bar (L pay).

Considering the bars from the building AB, the
plots in Fig. 7 show that, when the stress is calculated
by dividing the applied load for the minimum cross-
section A,,;,, the yielding stress in the corroded bars
(AB2-3-4) and the uncorroded bar (AB1) match well.
The four stress—strain plots are almost coincident in
term of strength values. Slightly higher values of
yielding stress are measured in these bars with respect
to the reference specimen AB_ref (Table 8). As
anticipated, this could be due to the removal of the
outer layer in AB_ref, due to the smoothering process.
On the other hand, a reduction in the elongation
capacity of the corroded bars with respect to the
uncorroded one is evident from the value of A (%)
reported in Table 8, about 12.5% compared to 18%.
The result highlights a reduction of the elongation
capacity which is very similar among the corroded
bars presenting similar corrosion attack patterns.
Therefore, a reduction of the elongation capacity of
the corroded bar in tension can be expected even when
very localized attacks are not present, due to the
uneven residual cross-section distribution along the
bar length [5]. When considering the nominal stress
(Fig. 8), the reduction in the yield strength (the
average value for corroded bars AB is 345 MPa) with
respect to the original bar is between 0% ~+ 4% or
6% + 10% if comparison is made with the reference
specimen AB_ref or with the bar AB1, respectively. A
reduction of the nominal maximum strength between
6% ~ 10% is instead observed regardless of the
sample considered for reference. The reduction in term
of strength is thus very similar to the maximum cross-
section reduction (6% -+ 10%).

As for the building RB, the behaviour of the two
bars, in term of yielding (f;) and ultimate (f,) stresses,
is comparable; in this case, not having a reference

specimen available, the most relevant data is the
strong reduction in the elongation capacity observed
for bar RB1 (A = 7.5% for RB1 and A = 16% for
RB2), due to the significant cross-section reduction
over a limited length of almost 200 mm (Fig. 5b).

As for bars SB1 and SB2, characterized by severe
pitting attacks, a strong reduction in ductility is
noticed with respect to the reference sample (SB_ref);
in this case, considering the effective stresses (Fig. 7),
a sharper difference is observed between the higher
stresses (at same deformation) measured in the
corroded bar with respect to the reference sample.
These two bars are the sole characterized by a cold-
drawn profile manufacturing, therefore the difference
between the mechanical properties of the bar core and
the outer layer are probably more pronounced with
respect to the other hot-rolled bars, thus the removal of
the outer layer may have led to a higher reduction of
the reference specimen (SB_ref) strength. A clear
yielding point was not detected for bar SB2. Also, the
possibility of achieving a higher maximum strength
during tensile tests could be limited by the ductility
reduction. Finally, the comparison between the nom-
inal stresses in the reference sample SB_ref and in the
corroded bars shows a lower reduction of maximum
strength with respect to the maximum cross-section
reduction (14% with respect to 27% for bar SB1, 40%
with respect to 46% for bar SB2).

4.3 Considerations on the mechanical behaviour
of corroded bars

The tests carried out on the selected naturally corroded
bars show that the reduction in capacity (both yielding
and maximum strength) seems to be related mostly to
the maximum reduction of the bar cross-section, at
least for the smooth bars tested in this investigation. In
case differences in the microstructure of the bar cross-
section are present, or differences between the
mechanical properties of the outer layer and of the
inner core are present, a further reduction of the bar
capacity may be expected.

On the other hand, a significant reduction of the
elongation capacity of the corroded bars is observed,
especially in the case of localized attacks (Scenario 2).
The heaviest loss in elongation capacity was observed
in SB1 and SB2, where the typical pitting attack
occurred, and in RB1, where a severe cross-section
reduction of 20% extended over a length of almost
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200 mm at the bar centre (much higher than the
average reduction of about 10%).

As for the bars sampled from the abandoned
building (AB), a reduction in ductility is also
observed, but it is less pronounced. Based on the
above, it can be observed that, for the bars analysed in
this study, a reduction in the elongation capacity may
occur for all the Corrosion Risk Scenarios, provided
that the residual cross-section profile along the bar is
not homogeneous. Nevertheless, the relevance of such
elongation capacity reduction in the global structural
behaviour should be further investigated.

In Table 9 and Figs. 9, 10 the percentage elonga-
tion (A) (measured in all the tested bars using the
manual method) is reported as a function of the
maximum attack occurring in the minimum residual
sections of the bars, which can be expressed as either
the ratio of the minimum cross-section over the
original one (A,,;,/Aos Fig. 9a) or as the ratio of the
maximum cross-section reduction over the original
section (4A,,./Ap). The latter graph is reported for the
sake of comparison with a widely used empirical
expression [32], which describes a linear decreasing
trend between the residual ultimate strain of a
corroded bar and op;; = 4A,,.,/Ap, that is the area
reduction due to pitting over the original cross-
section. Considering the bars tested in this experi-
mental program, the reduction in ultimate strain is here
expressed in terms of A [%]; the ultimate strain is
defined as the one of the virgin material (associated
with A [%] = 18.1, corresponding to the uncorroded
bar AB1), if the attack is not present, and with the
yielding strain (associated with A [%] = 0) if opr
= oMAX Values of o2 ranging between 0.1 =+ 0.5
were proposed in the literature. In Fig. 9b it is
observed that the results are compliant with the
proposed trends [32]. Furthermore, given that the

elongation capacity also depends on the corrosion
attack variability and distribution along the length of
the bar, the elongation capacity is also reported as a
function of the ratio of the cross-section range over the
average cross-section (4A,;/A,,, Wwhere A4A,.
= Aaxss—Amings> Fig. 10a and the coefficient of
variation (Co.V. = st.dev/A,,, where st.dev is the
standard deviation, Fig. 10b). Although a clear trend
cannot be identified based on the few data available
from this investigation, it appears that the larger the
range and the coefficient of variation, the lower the
elongation capacity.

5 Research contributions and research needs

This paper focused on the characteristics of corrosion
attacks expected in natural environments and on their
effects on steel bars, both in terms of residual cross-
section distribution and reduction in mechanical
properties, such as strength and ductility. These data
are, at the same time, fundamental to calibrate any
further structural model for the assessment of corroded
RC structures, and rarely available. Due to such a
limited knowledge, in-field surveys and experimental
tests were performed on few existing structures
exposed to different environmental conditions. First
promising results were obtained regarding the possi-
bility of establishing a relationship between the
environmental and aggressiveness conditions and the
main characteristics of the corrosion attack, in terms of
intensity and pattern. The Corrosion Risk Scenarios
(CRSs) proposed by the authors in the DEMSA
Protocol [4] were considered as a reference to classify
such environmental conditions.

For each sampled bar, the corrosion pattern on the
bar surface was analysed, and possible variation of

Table 9 A [%] in relation to the minimum cross-section with respect to the original and to the cross-section range with respect to the

average section

Bar # ABI AB2 AB3 AB4 RB1 RB2 SBI SB2
A [%] 18.1 115 12.6 13.8 75 16.0 8.2 3.0
Anmin/Ao [%] 97.0 91.6 93.5 90.2 80.6 94.7 72.3 57.7
OlprT 0.03 0.08 0.07 0.10 0.19 0.05 0.28 0.42
AA WA [%] 22 7.0 4.9 6.9 16.4 3.7 30.5 50.5
v [%] 0.3 1.2 0.9 1.7 3.9 0.6 7.0 16.8
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Fig. 10 Percentage elongation after fracture A [%] for the tested bars in relation to the range over the averagecross-section (a) and to
the coefficient of variation of the cross-section distribution (b). Legend as in Figure 9a.

mechanical properties investigated. Beside chloride-
induced corrosion is acknowledged as to produce the
heaviest effects on bars and structural elements (also
confirmed by the analysis of the bar IB1 in Scenario 3),
the examples presented in this paper highlight that also
Scenario 1 (carbonation and high R.H. or frequent wet/
dry cycles) and 2 (carbonation and low chloride
content) need to be considered when dealing with
existing RC structures because relevant attacks for the
structural behaviour can be found. The attack in
Scenario 1 may induce a generalized reduction of the
bar cross-section, significant production of oxides
along the whole bar length and consequently possible
concrete spalling/delamination and reduction in bond-
strength; in Scenario 2, localized attack may occur

with minor external signs of damage with respect to
heavy chloride-induced corrosion.

Considering the relationship between the corrosion
attack and the CRS, it was observed that, by increasing
the Scenario (from 1 to 3) and the aggressiveness class,
a more intense and uneven attack is expected, due to
the higher chloride content and relative humidity. In
case of carbonation-induced corrosion (Scenario 1), a
more uniform attack is measured, although the max-
imum to average attack ratio can rise to R, =2,
differently from that proposed in the literature (always
assumed as R, = 1). In presence of chlorides (Scenario
2-3), a smaller minimum residual cross-section, and a
higher variability of the attack (here described by the
cross-section range and coefficient of variation) is
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found; also in this case, the definition of the maximum
to average attack ratio requires more research, since
very different values were found, with respect to the
reference of 4 + 10 proposed in the literature. For the
examined bars, the estimated values of the average
corrosion rate V,,, (10 <+ 50 pm/year for Scenario 1
and 2, higher than 100 um/year for Scenario 3), well
matched with the ranges proposed in the literature,
which, however, should be improved and refined to be
used in practical applications.

As for the plain bars analysed, the reduction in
strength is mostly related to the cross-section reduc-
tion; therefore, for a preliminary analysis, it can be
estimated by defining the average corrosion rate, the
maximum to average attack ratio, the corrosion
duration and the model for the residual cross-section
shape. The tensile tests carried out showed that a
reduction in ductility is always observed as far as the
attack distribution along the bar length is variable.
Therefore, simplified parameters describing the attack
variability along the bar length should be defined. A
possible approach, requiring further research, is pro-
posed by the authors in Casprini et al., 2022 [5].
Finally, the parameters describing the corrosion
effects on the bars and on the surrounding concrete
can be implemented in structural analysis to estimate
the residual strength and ductility of structural
elements, and the modified behaviour of the whole
structure, which is the final aim of the assessment
procedure.
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Appendix 1

In the following figures, more detailed information
about the bars extracted from the buildings described
in this paper are reported. For each bar, four different
visualizations of the external surface obtained through
tomographic scans are reported, along with the shape
of some significant cross-sections, and the residual
area in percentage with respect to the original cross-
section.
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