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Abstract

Existing models for the evaluation of mechanical properties of corroded reinforcement, defined as a function of the mean
cross-sectional loss or mass loss of the reinforcement, are not suitable in the case of chloride-induced corrosion, which
causes irregular corrosion attack with pronounced localized damage—pits, whose geometry and spacing have a major
influence on the mechanical properties of the reinforcement. Models that consider the irregularity of damage due to chloride
corrosion are efficient, but as with models based on cross-sectional or mass loss, it is necessary to extract corroded rebars
from the reinforced-concrete structure, which is a destructive procedure that can only be performed to a limited extent on
an in-service building. To fill the above gaps, a new method based on the non-destructive measurement of corrosion
parameters is proposed. The corrosion depth determined from the monitoring correlates directly with the remaining
mechanical properties of the reinforcement; therefore, it is not necessary to determine the remaining cross-sectional area
and geometry of the pits. The proposed models are based on experimental research on reinforced-concrete beam specimens
subjected simultaneously to sustained loading and accelerated chloride corrosion in an environmental chamber in order to
induce corrosion similar to that on real structures.
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1. Introduction

The proportion of reinforced concrete (RC) in building construction stock is around 50% and sometimes even higher
in infrastructure projects such as dams, marine structures, etc. [1]. Although RC structures have many advantages (e.g.,
cost efficiency, ease of modelling into any desired shape, high compressive strength, durability, etc.), they are subject
to deterioration when exposed to harsh environmental conditions over the long term, resulting in a significant number
of RC structures not reaching their intended service life and causing significant economic losses [2—4]. According to
Bras et al. [5], the cost of maintaining and repairing existing structures in the UK, most of which are RC structures, is
around £40 billion a year. The most common cause of premature deterioration of RC structures is corrosion of
reinforcement, especially for those structures exposed to de-icing salts or in a marine environment [3, 5-7]. High-income
countries spend up to 3 to 5% of the gross domestic product (GDP) to mitigate the effects of reinforcement corrosion
[8]. Similar data is available for India, where RC corrosion costs are between 3—4% of annual GDP [5]. In the UK, £23
billion a year is spent on corrosion-damaged RC structures [5].

In many cases, extensive and expensive repairs could be avoided through appropriate inspection, monitoring, and
maintenance measures. It is therefore extremely important to have a reliable tool to assess the condition of RC structures
exposed to reinforcement corrosion (the remaining load-bearing capacity, serviceability, and ductility), which forms the
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basis for decisions on the management of structural maintenance and repair. The mechanical properties of the
reinforcement are very important for assessing the actual condition of the RC members in order to determine their
resistance and load-bearing capacity [9].

Reinforcing steel in RC structures does not corrode under normal conditions, as there is a protective layer around
the reinforcing bars. The destruction of the protective layer is caused by the action of carbonation or chlorides on the
RC [10]. Carbonation of the concrete leads to homogeneous corrosion, while the presence of chlorides in concrete results
in localized (pitting) corrosion [11]. The corrosion attack not only reduces the reinforcement cross-sectional area but
also alters the constitutive law of the reinforcement [12], resulting in a deterioration of the strength and ductility of the
reinforcing bars [13-17]. In both cases (carbonation and chloride phenomena), the mechanical properties of the steel
bars decrease, while pitting corrosion causes a greater reduction in the mechanical properties [12, 17].

Although the issue of degradation of RC structures subject to corrosion has attracted much attention over the last
four decades, the effects of corrosion on the mechanical properties of reinforcing steel are still being investigated. Since
natural corrosion is a long-term process, most researchers resort to accelerating corrosion using the impressed current
technique [18], while others create an artificial climate environment to accelerate corrosion by simulating the natural
conditions, such as [7, 9, 19-23]. Some of them combine the impressed current and artificial climate environment, e.g.,
[24, 25]. Only a few research papers contain results on the mechanical properties of corroded reinforcement after long-
term tests on RC members exposed to natural corrosion [18, 26—31].

In some studies, bare reinforcement bars are subjected to accelerated corrosion under impressed current [9, 16, 17,
19, 23]. Apart from the fact that the tests with bare reinforcement bars are questionable because the experimental setup
does not simulate the actual conditions under which the bar is embedded in the RC structure, it has also been shown that
it is not easy to simulate pitting corrosion on the bare bars experimentally (the corrosion is almost uniform) [9, 17].

A better simulation of the natural state is achieved by embedding the steel reinforcement into the concrete. Specimens
of different shapes and sizes [7, 16, 17, 19-21, 26, 32, 33] were prepared and tested under different corrosion conditions
in order to determine the remaining mechanical properties of the reinforcement. Although Imperatore et al. [17] state
that steel bars embedded into a concrete prism exhibit locally pronounced pits when artificially corroded under anodic
current, it should be noted that many researchers detected that the common technique of corrosion acceleration by
impressed current leads to uniform corrosion, which is not representative of natural chloride-induced corrosion [18, 19,
34-36].

To induce chloride corrosion similar to that on real structures, it is therefore necessary to reproduce environmental
conditions that are similar to those in nature. Real environmental conditions are usually simulated by creating an artificial
climate environment in a chamber (environmental/climate chamber) [7, 9, 19-22]. Yuan et al. [19] showed that the
process and corrosion characteristics of the steel bars under artificial climate environments are similar to those of
chloride corrosion under natural environments.

Apart from the fact that RC specimens should be exposed to real environmental conditions (temperature, humidity,
and chlorides), concrete cracks regularly occur under service load, i.e., during regular use of the RC structures.
Numerous studies were conducted on the effects of the cracks on the distribution of chloride-induced reinforcement
corrosion, and it has been demonstrated that the corrosion rate of the pit increases in the vicinity of a crack [36]. It is
therefore important that the specimens have cracks (caused by bending or tensile force) before they are exposed to
chloride corrosion in the environmental chamber. Unfortunately, there are not many studies on the deterioration of the
mechanical properties of corroded reinforcement performed under environmental conditions (either in real time or
accelerated) on cracked specimens. The most extensive studies on naturally induced chloride corrosion on specimens
under sustained loading have been carried out by a research group from the University of Toulouse [7, 27-30].

Over the years, many constitutive models for the decay of the mechanical properties of corroded reinforcement have
been established, but they differ considerably, as most experimental programs were carried out under different
conditions [18]. Despite all the differences, there is a general agreement on the reduction of the constitutive law
determined on the initial cross section of uncorroded reinforcement when the steel reinforcement corrodes [12].
Furthermore, the observed decrease in ductility was significantly greater than the decrease in tensile strength [12, 13].

Most models for the degradation of the mechanical properties of reinforcement due to corrosion are based on the
reduction of the cross-sectional area or mass of the reinforcement [12, 18]. In many cases, the cross-sectional loss is
calculated based on the mass loss of the rebar, which only gives the average cross-sectional loss over the rebar length.
The assessment of the loss of mechanical properties based on the mass loss or the average cross-sectional loss is more
suitable for corrosion caused by carbonation (homogeneous corrosion), where the cross-sectional loss does not change
much along the rebar [12]. In the case of pitting corrosion, where inhomogeneous corrosion is observed both across the
cross-section and along the rebar, the models based on mass loss are not suitable [12], which is why different models
based on the remaining cross-sectional area have been developed.

3474



Civil Engineering Journal Vol. 10, No. 11, November, 2024

Models presented in Rodriguez et al. [37, 38], which relate the remaining mechanical properties only to the residual
cross-sectional area, give the estimation of the residual cross-sectional area as a function of the remaining diameter of
the corroded reinforcement ¢ according to Figure 1. a) and b) (area denoted as grey circle in the cross-section). In Figure
1, # denotes the initial bar diameter of uncorroded bar, P;cor is the mean corrosion depth, Py is the pit depth, while
represents the pitting factor.

Circular pit

a) b) c)
Figure 1. Residual cross-section of corroded reinforcing bars: a) homogenous corrosion (adapted from Rodriguez et al. [37,
38]), b) pitting corrosion (adapted from Rodriguez et al. [37, 38]), c) pitting corrosion (adapted from [13, 39-41])

The pit depth Pyt can be determined only by measurement on the corroded reinforcing bar, while the mean corrosion
depth Picorr can be determined from the difference between the uncorroded and the corroded bar masses [42] or from the
corrosion rate measurements results collected during the monitoring of RC structures using non-destructive
electrochemical methods [37, 38, 43, 44]. The value of the pitting factor o depends on the reinforcement corrosion type.
If the reinforcement is subjected to homogeneous corrosion, the pitting factor o is equal to 2 (Figure 1-a), while in the
case of pitting corrosion, the factor o depends on the corrosion progression: the highest o are for lower corrosion levels
(the pitting factor a obtained using the linear polarization method can be up to 10 [37, 38, 42]), and as corrosion
progresses, the a values decrease [7, 45].

In the case of pitting corrosion, the residual cross-section of the corroded reinforcement determined according to the
model presented in Rodriguez et al. [37, 38] is a rather conservative value, as can be seen in Figure 1-b. A less
conservative model for estimation of the residual cross-sectional area of the corroded reinforcing bars caused by pitting
corrosion is presented in [13, 39-41], where a circular shape of the pit is assumed (Figure 1-c). Still, with this simplified
idealization of the residual cross-sectional area of the corroded reinforcing bars, it is not possible to cover all cases of
pitting corrosion, since the pitting corrosion can cause pits with different shapes, lengths, and depths [27, 32, 46-49].

The residual cross-sectional area of corroded reinforcing bars as well as the shape and distribution of corrosion
damage along the bars can be determined using laser and optical 3D scanning methods [32, 47-50]. Since these are
light-based methods, they can only detect corrosion damage that can be penetrated by light. If the pits are irregularly
shaped or expand in depth, they may not be fully detected. In addition, the accuracy of the 3D scanner can be a limiting
factor for these methods. Experiments have shown that first cracks in concrete appear at an average corrosion penetration
of 50 um in the reinforcement [38]. X-ray tomography can also be used to determine localized corrosion damage to
reinforcing bars [51].

Regardless of the accuracy of the technique used to determine the residual cross-sectional area of the corroded
reinforcement, it should also be taken into account that the cross-section loss is not the only factor affecting the
mechanical properties of the corroded reinforcement. The shape and arrangement of the localized corrosion (pits) also
have a significant influence on the mechanical properties of the corroded reinforcement [27, 49, 52]. A similar
conclusion was drawn in Imperatore [12] and Ou et al. [53]. Due to the different shapes and the non-uniform arrangement
of the pits along the rebar, it is quite difficult to establish a relationship between the mechanical properties of the corroded
reinforcement and the shape of the pits. Therefore, several studies have been carried out on bars in which pits of a certain
shape were machine-made [13, 27, 52, 54], while some authors have used numerical simulations to evaluate the influence
of the pit shape and pit distribution on the mechanical properties of corroded reinforcement [13, 55]. Studies on machine-
made pits showed that different corrosion morphologies lead to significantly different degradation rates with the degree
of corrosion. Hingorani et al. [55] conducted a detailed numerical study of pitting corrosion using the finite element
method in which they modelled the bar with a pit in the form of an ellipsoid with radii a (pit length in the direction of
the bar axis), b (pit width in the direction perpendicular to the bar axis) and Py (pit depth measured from the original
surface of the bar). The ratio a/Pyi: was varied in the study, while the pit width was constant b=Py.

The following conclusions were drawn: (i) the yield strength and the tensile strength, which were determined in
relation to the initial cross-sectional area of the uncorroded bars, decrease significantly with increase of the relative pit
depth Pyit/gh, (ii) the ductility of the bars decreases significantly with increase of the relative pit depth Ppir/ g, (iii) at a
constant relative pit depth Pyi/ do, the ductility of the bars increases with the increase in the pit length to pit depth ratio
a/Pyit, (iv) the relationship between the increase of the relative pit depth and the reduction in the yield strength is not
linear, i.e. the gradient of the reduction of the yield strength increases with the increase of the pit depth, (v) the variation
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of the tensile strength to yield strength ratio (k = fi/fy) for bars with pits to the corresponding strength ratio of initial bar
(ko = 1.08) is neglectable up to relative pit depths Pyi/¢o = 0.2, (vi) the strain at tensile strength &, decreases rapidly up
to the relative pit depth Ppi/ o ~ 0.1. An important conclusion of the study Hingorani et al. [55] is that there is no scale
effect - the bar diameter has no influence on the mechanical properties of the reinforcement if the mechanical properties
are determined as a function of the relative pit depth Ppir/ ¢o.

As already mentioned, the 3D laser scanning method is nowadays used to investigate the shape of corroded
reinforcement [47-50]. In Chen et al. [49] the combination of 3D scanning and digital image correlation (DIC) was used
to describe the mechanical behavior of reinforcing bars with pitting corrosion. The bars were extracted from RC beams
that were first subjected to loading in a three-point bending configuration, what caused cracks, and then exposed to
cyclic wet-dry exposure to a chloride solution, which is an accelerated simulation of the natural corrosion process, as
opposed to corrosion by a direct current source [19]. In this way, localized reinforcement corrosion was induced, which
is very similar to natural conditions [19]. The non-homogeneous distribution of the residual cross-sectional area of the
reinforcing bars with localized pitting corrosion was determined by 3D scanning. After 3D scanning, tensile tests were
performed on the corroded bars. In the tensile tests, the strains on the bars were measured using the DIC technique. The
DIC technique showed a non-uniform distribution of strains along the bars — i.e. the strains were significantly larger at
the pit locations. It was shown that the ductility of the reinforcement decreases significantly with increasing degree of
localized corrosion (at the pit locations). Based on the research results, they proposed an analytical and a semi-analytical
model for estimation of the limit strains of corroded reinforcement. They also pointed out that a longer bar length should
be taken into account, i.e. only results obtained with strain gauges longer than 10 cm are reliable.

The presented models for evaluation of the mechanical properties of reinforcement subjected to pitting corrosion are
performed by measuring and observing corrosion damage on rebars and relating this damage to the remaining
mechanical properties of the corroded bars. Most of the models are related to the mass loss or cross-sectional loss. As
already mentioned, models based on the mass loss have potential for carbonate corrosion; they are not suitable for
chloride corrosion. Models based only on the cross-sectional loss do not take into account the shape and distribution of
pits along the bar, which have been shown to be a relevant parameter for the mechanical properties of the reinforcement
(especially ductility). In our opinion, the methods and models proposed in [49] to evaluate the mechanical properties of
corroded reinforcement, which take into account the shape and distribution of corrosion damage on the bars, are very
efficient. However, the disadvantage of this approach is that it is not possible to extract corroded rebars from RC
structures that are still in-service in order to perform a detailed 3D scanning.

To overcome the above shortcomings, this paper proposes practical models to evaluate the mechanical properties of
corroded reinforcement required for the condition assessment of corroded RC structures using non-destructive
measurements. According to Shevtsov et al. [3], the most common non-destructive monitoring methods used to
determine the corrosion condition are electrochemical methods, such as the galvanostatic pulse technique (GPT), linear
polarization resistance (LPR), half-cell potential (HCP) and electrochemical impedance spectroscopy (EIS). The GPT
used in this research is a fast and cost-effective technique that provides more stable and accurate results than LPR
measurements under adverse conditions [3]. It is also more stable and accurate than HCP, LPR and EIS when a stable
reference electrode is not available [3].

The proposed models for determining the yield strength, tensile strength, tensile strength to yield strength ratio,
modulus of elasticity and strain at maximum load are based on the results of an extensive long-term experimental study
on RC beams subjected to simultaneous loading and accelerated chloride corrosion in an environmental chamber. The
evaluation of models based on non-destructive GPT measurements was carried out by creating comparative models
based on the destructive method and by comparison with literature data.

1.1. Research Significance

The degradation models of the mechanical properties of hot rolled steel reinforcement are established based on
results obtained in experimental research on RC beams subjected to sustained load and accelerated chloride corrosion
in an environmental chamber. This is the best way to simulate the corrosion effects that occur on real RC structures.

All mechanical properties of the corroded reinforcement are determined in relation to the initial cross-sectional area
of uncorroded reinforcement, while the corrosion progress is defined in relation to the initial diameter of the uncorroded
reinforcement. The degradation models are expressed in relation to the mechanical properties of uncorroded
reinforcement and corrosion progress; only the corrosion rate measurements using non-destructive monitoring technique
on the RC structure are required to determine the remaining mechanical properties of the corroded reinforcement.

The proposed method for evaluation of the mechanical properties of corroded reinforcement via corrosion
monitoring using the galvanostatic pulse technique therefore offers great potential for assessing the remaining load-
bearing capacity, serviceability and ductility of RC structures exposed to reinforcement corrosion in a chloride
environment. Figure 2 illustrates the flowchart showing the process of the research methodology.
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Figure 2. Flowchart of the research methodology

2. Experimental Programme

An extensive experimental research was carried out in which a series of 12 RC beam specimens (shorter: beam
specimens) were simultaneously subjected to sustained loading and accelerated chloride corrosion in an environmental
chamber for a total of 383 days. The experimental setup is presented in detail in [56]. The initiation of reinforcement
corrosion in the beam specimens and its acceleration was performed by repeating the cycles of wetting and drying [20,
21, 45]. Each cycle lasted three days. On the first day, specimens were sprayed with salt water. The salinity of water of
38 %. (NaCl concentration) was selected to correspond to the salinity of the Adriatic Sea. On the second day, the
specimens were exposed to an air temperature of about 20°C and a relative humidity of about 70%. On the third day,
the environmental chamber was heated for 3 hours up to a temperature of 50°C or slightly higher, with simultaneous
ventilation with fans, so that the relative humidity dropped to 20%. One day in each week (Sunday) was a day without
spraying or heating. A total of 109 cycles were performed.

The beam specimens were 200 cm long and had a cross-section of 8x12 cm (Figure 3). The concrete cover was 1.0
cm. The beams were reinforced with deformed bars: 2 bars of 8 mm nominal diameter in the bottom zone and 2 bars of
6 mm nominal diameter in the upper zone, while the stirrups with nominal diameter of 6 mm were distributed over the
beam at a distance of 8 cm. The 8 mm bars were made of hot-rolled reinforcing steel, while the 6 mm bars were made
of cold-worked reinforcing steel. The material properties of the beam specimens determined by laboratory tests can be
found in [20, 45]: the results indicate that the beam specimens were made of medium-quality concrete regarding
transport-related properties [57, 58].
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Figure 3. Geometry and reinforcement layout of beam specimens (dimensions in cm)

During accelerated chloride corrosion, the beam specimens were subjected to constant sustained loading (four-point
bending configuration) in steel loading frames (Figures 4 and 5) in order to produce cracks in beam specimens with an
average width of 0.1 mm (Figure 6). According to Li et al. [59, 60], a crack that is 0.1 mm wide or more significantly
increases the penetration of chlorides, depassivation, and the occurrence of reinforcement corrosion, regardless of the
thickness of the concrete cover and the concrete quality.
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Figure 4. Experimental setup: four-point bending loading frame with beam specimens (dimensions in cm)

Figure 5. Beam specimens in the loading frame
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Figure 6. Cracks caused by sustained loading

The loading frame with beam specimens and the corrosion measuring points are shown in Figure 4. The beam
specimens were labelled as GI-1 to Gl-4, GlI-1 to GlI-4 and GllI-1 to GIlI-4, where I, Il or Il denotes series of beam
specimens where different corrosion levels were achieved (corrosion levels I, I1 or I11 respectively), while labels 1 to 4
indicate the position of the beam specimen in the loading frame (1 — at the top, 4 — at the bottom of the frame).

The experimental programme comprised of three corrosion levels. Corrosion level | corresponded to the value of the
mean corrosion depth equal to Pjcor ~ 0.05 mm, corrosion level 11 corresponded to 0.1 mm < Pj o < 0.2 mm, while
Picorr > 0.2 mm refers to the corrosion level 111. The achieved values of the mean corrosion depth P; corr Were determined
using the electrochemical galvanostatic pulse technique. A series of four beam specimens were used for each corrosion
level.

Data have been collected on the progression of chloride corrosion and the damaging effects of corrosion on RC beam
specimens [20, 21, 45]. The corrosion parameters such as the corrosion rate, half-cell potential and electrical resistance
were measured at regular intervals on beam specimens. After reaching each of the three corrosion levels, one beam
specimen from the corresponding specimen series was removed from the loading frame. The reinforcing bars were then
extracted from these beam specimens to perform a detailed visual inspection, length and mass measurement and tensile
testing.

3. Experimental Results

Within the experimental research, the corrosion parameters were measured in 18 phases with GalvaPulse™. The
GalvaPulse™ device, based on the galvanostatic impulse technique [20, 21], measures the corrosion rates (corrosion
current density icorr) in relation to the surface area of the bar within the specified measuring range of the sensor [44, 61].
The standard diameter of the measuring range of the sensor (GalvaPulse™) of 70 mm was used [62]. The corrosion
parameters were measured at two points on the top side (g1 and g2) and at five points on the bottom side (d1 to d5) on
each beam specimen. Detailed data on the measured corrosion parameters can be found in [20].

Five reinforcing bar specimens (shorter: bar specimens) were extracted from the bottom longitudinal reinforcement
of each beam specimen removed from the loading frame after particular corrosion level has been reached. The bar
specimens were labelled 1 to 5, where numbers 1 to 5 denote to the location of the corrosion measurement points on the
bottom side of the beams d1 to d5 (Figure 4).

3.1. Corrosion Parameters

The mass loss and the depth of corrosion penetration were determined on each bar specimen. The mass loss was
determined by weighting each corroded bar specimen and subtracting it from the initial mass of the uncorroded
reinforcement. Detailed information on determination of mass loss is presented in [45]. The initial length mass mo
determined by weighting of the uncorroded reinforcement for a nominal bar diameter of 8 mm was 0.4264 g/mm. The
diameter of an ideally round cross-section of uncorroded reinforcement (i.e. initial bar diameter ¢y) can be determined
at a steel density of 0.00785 g/mm? as ¢, = 12.74 - \/ﬁ = 8.3193 mm, while the mean value of the initial cross-
sectional area of the bar (determined for ¢) is Ao = 54.4 mm?2,

The pit depths Ppit presented in Table 1 were measured with a point micrometer at the location of the deepest pit on
the corroded bar specimens [45]. The mean corrosion depth Pjcor in um in the measuring range of the sensor may be
obtained from the corrosion rates according to Poulsen [44] using the following expression [20, 21, 45]:

Picorr = 11.6- f;;) lcorrdt @

where icor is the corrosion rate at time t in pA/cm?, (7 - to) indicates the duration of corrosion in years, to is the time when
corrosion was initiated and zis the time at which P;corr is calculated. The constant value of 11.6 is the conversion factor
for corrosion rate in pA/cm?to the corrosion rate in um/year, obtained using Faraday’s law [37, 38]. The mean corrosion
depths Picorr, Shown in Table 1, were determined according to Equation 1 from the corrosion rate measurements at points
d1 to d5 [20, 45].
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Table 1. VValues determined on corroded bar specimens [45]

Cormzlr?:cilfr:/:rl{ e SpeBc?r;en [nF;Trt]] [F;].q,c;;i @ Paddh  Proare/th MBE%OSS
1 031 0037 853 0037 0004 3.80
2 028 0065 435 0034 0008 3.96
CorrOSiO”C_;'f_‘f' 1, beam 3 030 0055 548 003 0007 352
4 024 005 441 0029 0007 3.92
5 022 0044 510 0026 0005 4.10
1 035 0113 312 0042 0014 7.60
2 037 0155 241 0044 0019 7.65
CO"OSiO”G'fI‘f ;' II, beam 3 037 0197 190 0044  0.024 7.75
4 033 0205 162 0040 0025 7.66
5 034 0112 308 004 0013 7.33
1 050 0147 342 0060 0018 717
2 067 0246 274 0081 0030 7.70
CorrOSiO”G'fl‘ﬂ 11, beam 3 0.61 0245 250 0073  0.029 7.93
4 059 0289 205 0071 0035 7.72
5 044 0159 279 0053 0019 7.33

The correlation between the maximum corrosion depth (i.e. the pit depth Pyi)) and the mean corrosion depth Picorr in
case of localized corrosion is defined by the pitting factor « [40]:
a = Ppit

Pi,corr

)

The values of the pitting factor «, obtained from experimentally determined values Pyit and Picorr are presented in
Table 1. The relative corrosion depths Ppi/¢do and Pi con/ do, related to the initial bar diameter ¢ are also shown in Table
1, as well as mass losses. A strong correlation between the relative mean corrosion depths Pjcon/ o, Which were
determined from the corrosion rate measurement results, and the pitting factor « was established (Figure 7).
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s
1 4
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X=Pi,corr/¢0

Figure 7. Relation between the pitting factor & and the relative mean corrosion depth Picorr/¢o

It can be observed that the highest pitting factor « equal to 8.53 corresponds to the corrosion level | (Table 1). As
the reinforcement corrosion advances, the pitting factor « rapidly decreases and equals approximately to 2.0 at relative
mean corrosion depth Picon/ do greater than 0.03 (Table 1 and Figure 7). The decrease of the pitting factor « with increase
of the reinforcement corrosion is also shown in Yu et al. [7] and Cairns et al. [13]. The pitting factor in [7] was
determined as the ratio of the local and the average loss of the bar cross-section, while in Cairns et al. [13] it is determined
as a ratio between the maximum and the average corrosion penetration. The progression of reinforcement corrosion was
described as an increase in the mean cross-sectional loss [7]. The trends of the change of the pitting factor in Yu et al.
[7] and Cairns et al. [13] are similar as shown in Figure 7: for small values of section loss, the pitting factor « has the
highest values but decreases rapidly with the increase of section loss. For significant section losses (more than 5%), the
downward trend of the pitting factor « slows down considerably [7].
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3.2. Mechanical Properties of the Reinforcing Bars

Due to cracks in concrete, the reinforcing bars in the region of the maximum bending moment are significantly more
corroded, and their condition has a significant impact on the behavior of the beam under loading (load-bearing capacity,
deflection and cracks). The corrosion progress of the reinforcement was 1.6 times higher in terms of corrosion
penetration depth in the region of the maximum bending moment than in the remaining part of the beam [20]. Therefore,
the mechanical properties of corroded reinforcing bars were determined on bar specimens labeled 2 to 4 (Table 1) of
bottom longitudinal reinforcement extracted from the middle part of the beam span (region with constant bending
moment, between two concentrated forces — corrosion measuring points d2 to d4: see Figure 4). The mechanical
properties of uncorroded bars were also determined.

The bar specimens were loaded in tension; stress-strain diagrams were obtained until failure. The tests were carried
out in accordance with the EN standard [63] using the Zwick Z600E universal testing machine and TestExpert software.
During the tests, force and elongation were measured within the 150 mm extensometer gauge length. The extensometer
gauge length was selected to take into account the influence of localized corrosion on the average strain of the tensile
bars, which is necessary for assessing the behavior of RC members with corroded reinforcement under loading [49].

The stress-strain diagrams and the mechanical properties of three uncorroded bar specimens labeled 1 to 3 are shown
in Figure 8 and Table 2. The mechanical properties and stress-strain diagrams of corroded bars were determined in
relation to the mean value of the initial cross-sectional area of the uncorroded bar Ao and are shown in Figures 9 to 11
and Table 2.
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Figure 8. Stress-strain diagrams of uncorroded bars

Table 2. Mechanical properties of uncorroded and corroded bars with nominal diameter of 8 mm

Corrosion level, Bar Modulus of Yield strength  Tensile strength ~ Ratio of tensile strength to  Strain at maximum
beam specimen specimen elasticity E (MPa) fy (MPa) ft(MPa) yield strength k = f,/f, load & (%)
1 191750 581 672 1.16 7.42
2 184900 592 687 1.16 7.11
Uncorroded
3 198770 593 692 1.17 6.25
Mean value 191807 589 684 1.16 6.93
2 160100 556 653 1.17 6.94
Corrosion level | 3 183630 533 657 1.23 5.53
beam GI-4 4 174340 544 626 115 419
Mean value 172690 544 645 1.18 5.55
2 153090 511 625 1.22 5.24
Corrosion level 11, 3 184090 525 624 119 571
beam GII-3 4 176550 540 639 118 6.07
Mean value 171243 525 629 1.20 5.67
2 175170 503 605 1.20 4.09
Corrosion level 111, 3 189240 520 630 121 6.91
beam GI1l-4 4 168360 511 596 117 3.76
Mean value 177590 511 610 1.19 4.92
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Figure 9. Stress-strain diagrams of corroded bars extracted from beam specimen Gl-4, corrosion level |
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Figure 10. Stress-strain diagrams of corroded bars extracted from beam specimen GI1-3, corrosion level 11
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Figure 11. Stress-strain diagrams of corroded bars extracted from beam specimen Gl11-4, corrosion level 111
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The stress-strain diagrams of corroded bars (Figures 9 to 11) show a similar general behavior as observed in previous
studies [12, 13, 27, 49]: as corrosion progresses, the values of the mechanical properties decrease, while the yield plateau
gradually disappears, leading to brittle failure at higher corrosion levels; the decrease in values of yield strength and
tensile strength is much smaller than the values of strain at maximum load.

The vyield strength reduction of the corroded reinforcement in relation to the mean value of the uncorroded
reinforcement is in the range of 5.6% to 9.5% for the corrosion level | (mean value 7.6%), 8.3% to 13.7% for corrosion
level Il (mean value 10.8%) and 11.7% to 14.8% for the corrosion level 111 (mean value 13.2%). These measured values
are in relation to those from studies [12, 31], which are based on various research results in which the values of the yield
loss are between 1.2 and 2 times the mass loss.

The degradation of the tensile strength is lower than the degradation of the yield strength. This is consistent with
most of the previous research results shown in [12, 17]. The degradation values of the tensile strength are between 4.53
% and 8.48 % for the corrosion level I (mean value 5.7 %), between 6.56 % and 8.77 % for the corrosion level Il (mean
value 8.04 %) and between 7.89 % and 12.87 % for the corrosion level 111 (mean value 10.82 %). The measured values
are also in relation to the values in Imperatore [12] and Fernandez and Berrocal [31], where the yield strength loss is
defined as 1.1 to 1.8 times the mass loss. The ratio of tensile strength to yield strength shows little variation in the range
of 1.15 to 1.25 for corroded and uncorroded bar specimens what corresponds to the ratios shown in [38], where values
range between 1.08 and 1.22.

A large variation in the reduction of the strain at maximum load is observed, which was expected according to the
results of previous studies [17]. The values of the reductions are as follows: -0.14% to 39.54% for the corrosion level |
(mean value 19.91%), 12.41% to 24.39% for the corrosion level 1l (mean value 18.18%) and 0.29% to 45.74% for the
corrosion level 1 (with a mean value of 29%). As it can be seen the values of the strain at maximum load degradation
are up to 5 times greater (mean value 2.6) than degradation of strengths what is in range of the results shown in
Imperatore et al. [17].

The reduction in the modulus of elasticity shows a certain scatter, which fortunately is less than the scatter observed
in the reduction of the strain at maximum load. The reduction values are between 1.34 % and 20.19 %. There is no
obvious trend in terms of corrosion progression. The decrease in modulus of elasticity is not a common parameter
investigated in previous studies on corrosion-damaged reinforcement. Only Frangois et al. [30] show the modulus of
elasticity as a function of the diameter loss (where a small increase in modulus of elasticity is observed as corrosion
progresses), but these values cannot be compared with the values obtained in this study as the values in Francois et al.
[30] were defined from stress-strain diagrams related to corroded rebar cross-section.

4. Degradation Models of Corroded Reinforcement

Models for evaluation of mechanical properties of corroded hot-rolled reinforcement are established in relation to
the relative corrosion depths. The following mechanical properties of corroded and uncorroded bars were analyzed:
yield strength, tensile strength, ratio of tensile strength to yield strength, modulus of elasticity and strain at maximum
load.

Corrosion damage to reinforcing bars, expressed as relative corrosion depths, was assessed in two ways:

(i) By evaluating the mean corrosion depths P;corr based on the corrosion rate measurement using the non-destructive
electrochemical galvanostatic pulse technique;

(if) By measuring the pit depths Ppir on corroded bars extracted from the beam specimens (destructive technique).

The relative corrosion depths are determined with respect to the initial diameter ¢ of the reinforcing bars (Ppit/ o and
Picor/ o), While the mechanical properties of the corroded bars were normalized to the corresponding values of the
uncorroded reinforcing bars. Only in Hingorani et al. [55] the remaining mechanical properties of the corroded
reinforcement are related in the same way as in this study — to the relative corrosion depth based on the pit measurement
(Pyit/ o) rather than to the residual cross-section or the mass of the rebar. To the author’s knowledge, there is no previous
study that relates the remaining mechanical properties to the relative corrosion depths based on the corrosion rate
measurement (P;.con/ ¢o). The creation of models based on destructive and non-destructive techniques is therefore aimed
at the comparative evaluation of two different models based on the same experimental research.

In order to establish models for evaluation of mechanical properties of corroded reinforcement, the relationships
between the experimentally determined relative corrosion depths (Pyit/ o and Pi cor/ o) and the mechanical properties of
the corroded reinforcement are shown in Figures 12 to 21. The degradation models in Figures 12 to 21 are represented
by regression curves.
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Figure 12. Ratio of the yield strength of corroded bars fy to the mean yield strength of uncorroded bars fyo = 589 MPa vs. the
relative pit depth Ppit/¢o
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Figure 13. Ratio of the yield strength of corroded bars fy to the mean yield strength of uncorroded bars fyo = 589 MPa vs. the
relative mean corrosion depth Picorr/ ¢o
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Figure 14. Ratio of the tensile strength of corroded bars f: to the mean tensile strength of uncorroded bars fio = 684 MPa vs.
the relative pit depth Ppit/¢o
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Figure 19. Ratio of the modulus of elasticity of corroded bars E to the mean modulus of uncorroded bars EO = 191807 MPa
vs. the relative mean corrosion depth Pi,corr/¢p0
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Figure 21. Ratio of the strain at maximum load of corroded bars & to the mean strain at maximum load of uncorroded bars
&uo = 6.93 % vs. the relative mean corrosion depth Picorr/ ¢o

A strong correlation between the relative corrosion depths (Ppit/ ¢o and Picor/ o) and the yield strength of the bars are
established, as it can be seen in Figures 12 and 13.

The degradation models for yield strength are linear and similar. It can also be observed that the yield strength values
in Figure 13 are mostly below the regression line for corrosion level I, whereas this is not the case in Figure 12. This
can be explained by the large pitting factor, which was determined for small corrosion depths P; corr and which decreases
significantly as corrosion progresses, as shown in Figure 7 and in Yu et al. [7] and Cairns et al. [13].

Considering study by Hingorani et al. [55] [55], the linear relationship between the relative pith depth Pyii/ do and the
yield strength was not expected. Numerical studies on bars with pits showed that the relationship between the increase
in the relative pit depth and the reduction in the yield strength is not linear — as the pit depth increases the gradient of
the yield strength reduction increases. In general, the higher degradation rate is observed in this study than in Hingorani
et al. [55]: for example, tensile strength degradation from Figure 12 at Ppi/ o = 0.08 is 0.845 while in Hingorani et al.
[55] it reaches the value of 0.96. However, it should also be noted that the pit width as well as their shape was not varied
in Hingorani et al. [55] (pits were modelled as ellipsoids).

The observed linear relationship between the relative corrosion depths (Ppir/ ¢o and Pi cor/ o) and the yield strength in
Figures 12 and 13 can be explained by the reinforcement corrosion progression process:

o Initially, the corrosion is strongly localized with a relatively large pit depth compared to the average corrosion depth
at the measuring range of the corrosion rate sensor (large pitting factor in Figure 7). This leads to a greater reduction
in the bar strengths compared to that which can be estimated on the basis of the mean corrosion depth.

e Thereafter, the pit depth increases simultaneously with their width, resulting in a smaller strength difference in
relation to the measured relative pit depths Pyit/ o and to the relative mean corrosion depths, based on the corrosion
rate measurement, P; con/ gho.

e The decrease in the pitting factor a with the increase in the relative corrosion depth P;cor/ o, as shown in Figure 7
and illustrated in the study by Yu et al. [7], shows that the corrosion is less and less localized as the reinforcement
corrosion progresses.

As a conclusion, it may be observed that the accuracy of the yield strength estimation of corroded bars based on
corrosion monitoring is increasing with the progress of the corrosion process.

Figures 14 and 15 show a strong correlation between the relative corrosion depths (Ppit/do and Picor/ ) and the
tensile strength of the bars. The models for tensile strength degradation shown in Figures 14 and 15 are linear and
similar. There is no relevant literature that could be compared with the results based on relative corrosion depth, but
slight decrease of tensile strength with corrosion progress expressed as mass loss or cross-sectional loss is presented by
most of the researchers [12, 17]. For example, if the mass loss of corroded reinforcement is 7.5% (what corresponds
with the corrosion level 111) the tensile strength ratio is between 86.5% and 92% [12].

Figures 16 and 17 show that the impact of reinforcement corrosion on the ratio of tensile strength to yield strength
k =fi/fy is negligible for corrosion levels reached in the experimental research (Ppid/ ¢o up to 0.081; Pjcor/ o Up to 0.035).
Similar trends can be seen from the results presented in Chen et al. [49], where the ratio of tensile strength to yield
strength of corroded reinforcement with regard to strength ratios for uncorroded reinforcement is between 1 and 1.02 up
to 10% of the cross-sectional loss. According to Hingorani et al. [55] the ratio of tensile strength to yield strength of
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corroded reinforcement in relation to the ratios obtained for uncorroded reinforcement is almost constant up to Ppit/ do =
0.2 and ranges roughly between 1 and 0.95.

Figures 18 and 19 show the relationship between the ratio of the modulus of elasticity of the corroded bars and the
corresponding mean value of the uncorroded bars E/Eq and the relative corrosion depths (Picor/¢o and Ppid/ go). A weak
correlation is found between the ratio of the modulus of elasticity E/Eq and the relative corrosion depths. The degradation
models for the modulus of elasticity are linear and similar. Figures 18 and 19 also contain the lower and upper limits of
the 95 % confidence interval (Cl) for the mean values. The studies on changes in modulus of elasticity are rare as
explained before: no relevant study to make the comparison is available.

Figures 20 and 21 show the relationship between the ratio of the strain at maximum load of corroded bars and the
corresponding mean value for uncorroded bars &/ and the relative corrosion depths (Picor/¢o and Ppid ¢o). It was
established that the correlation between the ratio of strains &/, and the relative corrosion depths (Picor/ ¢ and Ppid/ ¢o)
is weak due to the great scatter of the experimental results. A greater scatter in the test results for ultimate strain than
for yield or tensile strength can also be observed in a large number of test data [17]. A smaller scatter of the strain values
& would result if longer gauge lengths were used, as shown in Chen et al. [49].

A similar decrease in strain is observed in Chen et al. [49] and Hingorani et al. [55] as well. The equations for the
regression lines and the functions of the lower values of the 80% prediction intervals are also shown in Figures 20 and
21. The prediction interval was selected in accordance with the requirements of EN 10080 [64]: the characteristic value
of the strain &, is the value for which a maximum of 10% of the test results can be expected to be less than or equal to
this value (10% fractile). According to Hingorani et al. [55], the relevant values for the reduction in strain at maximum
load are 0.82 and 0.7 for Ppi/ p=0.04, or 0.6 and 0.53 for Pyi/ ¢=0.08, depending on the ellipsoid shape. These values
lie within the regression and 80% prediction interval shown in Figure 20.

The degradation models of mechanical properties of corroded hot rolled steel bars expressed as regression lines in
Figures 12 to 21 are similar for each mechanical property, regardless of whether the relative corrosion depth is
determined by evaluating the mean corrosion depth P;cor using the GPT monitoring or by measuring the pit depth Pyt

The difference between the values of mechanical properties reduction of corroded reinforcement determined using
models based on relative mean corrosion depth P;cor/ o and relative pit depth Ppi/ ¢ are as follows:

e up to 1% in case of yield strength, tensile strength and modulus of elasticity,
e up to 3% in case of strain at maximum load.

According to Hingorani et al. [55] if the mechanical properties of the reinforcement are determined as a function of
the relative pit depth Pyi/ ¢o, the diameter of the bars (scale effect) has no influence on the mechanical properties of the
reinforcement. Same conclusion can be applied for the mechanical properties of the reinforcement determined as a
function of the relative mean corrosion depth P;con/¢o. This conclusion is based on the strong correlation between
experimentally determined relative mean corrosion depth Picon/¢o and the pitting factor «, as well as on similar
degradation models for each mechanical properties regardless of how the relative corrosion depth was determined.

5. Conclusions

Appropriate inspection, monitoring, and maintenance of buildings and infrastructures reduce life cycle costs and
support sustainability. Reliable models for assessing the load-bearing capacity, serviceability, and ductility of RC
structures exposed to reinforcement corrosion in a chloride-containing environment can serve as a decision-making basis
for maintenance and repair management with the aim of reducing life cycle costs.

Existing methods for assessing the mechanical properties of corroded reinforcement are based on measurements and
observation of corrosion damage on bars (pits, cross-sectional reduction, shape, and distribution of corrosion damage)
in existing RC structures and relating this damage to the remaining mechanical properties of the corroded reinforcement.
To carry them out, the concrete cover around the reinforcement must be removed, or the reinforcement bars have to be
extracted from the structure, which is a destructive procedure that can only be carried out to a limited extent on an
operational building. Among the existing models, there are a few degradation models of corroded reinforcement
performed under environmental conditions (in real time or accelerated) on loaded specimens (to induce cracks that occur
under service load).

The advantages of assessing the mechanical properties of corroded reinforcement based on the results of structural
health monitoring using the galvanostatic pulse technique (corrosion monitoring) shown in this paper are as follows:

e GPT is a fast, cost-effective, non-destructive method that can be applied relatively easily to existing in-service
structures.

e It is not necessary to know the remaining cross-section of the corroded bar in order to determine its mechanical
properties because all the mechanical properties of the corroded reinforcement, as well as the relative corrosion
depths, are determined with respect to the initial bar cross-section.
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e There is no scale effect when the mechanical properties are determined as a function of the relative corrosion
depth.

The degradation models for the yield strength, tensile strength, tensile strength to yield strength ratio, modulus of
elasticity, and strain at maximum load proposed in this paper are based on the results of an extensive long-term
experimental study on RC beams subjected to simultaneous loading and accelerated chloride corrosion in an
environmental chamber.

The degradation models of the mechanical properties as functions of the relative corrosion depths determined by
non-destructive monitoring (Picor/ ¢o) are similar to those based on destructive methods (Ppir/¢o) for each mechanical
property considered in this study. The relative corrosion depths and the yield strength or tensile strength of the corroding
reinforcement show a strong correlation. Therefore, the yield strength and tensile strength of the corroded reinforcement
can be reliably evaluated both from the pit measurement and from the periodic measurement of the corrosion rate using
the GPT in a RC structure (corrosion monitoring). A negligible influence of reinforcement corrosion on the ratio of
tensile strength to yield strength was measured.

Mechanical properties related to ductility (strain at maximum load and ratio of tensile strength to yield strength) are
weakly correlated to the relative mean corrosion depths determined from corrosion rate measurements and to the relative
pits depth. The strain of the corroded reinforcement at maximum load shows a significant scatter in the measurement
results for each of the three corrosion levels. Therefore, when evaluating the strain of the corroded reinforcement at
maximum load, we suggest selecting the lower limit of the 80% prediction interval.

A weak correlation is also found between the ratio of the modulus of elasticity and the relative corrosion depths.
However, for the evaluation of the remaining bending stiffness of beams with corroded reinforcement and their
deflections under load, these deviations from the regression line are not significant, since the deflection of the beam is
determined as the double integral of the curvature over the entire length of the beam. It is therefore sufficient to estimate
the mean modulus of elasticity of the corroded reinforcement.

In order to increase the reliability of the proposed method, it is necessary to calibrate the models for evaluation of
the mechanical properties of corroded reinforcement on the basis of a larger number of studies in which the corrosion
rate is monitored and the mechanical properties of corroded reinforcing bars extracted from RC members are determined.
Such studies should be carried out under controlled laboratory conditions and as part of the corrosion monitoring of
existing RC structures.
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