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Abstract: Infrastructures and industrial buildings are commonly exposed to aggressive environments
and damaged by corrosion. In prestressed reinforced concrete structures, the potential risks of
corrosion could be severe since reinforcements are already subjected to high amounts of stress and,
consequently, their load-bearing capacity could abruptly decrease. In recent years, some experimental
studies have been conducted to explore the flexural behavior of corroded pretensioned reinforced
concrete (PRC) beams, investigating several aspects of residual structural performance. Although
many studies have been done in this area, there is no concise paper reviewing the state-of-the-
art research. Accordingly, the main objective of this paper is to provide a review of the available
experimental tests for residual capacity assessment of corroded PRC beams. Based on the state-of-
the-art review, a degradation law for the flexural strength of corroded PRC beams is suggested.

Keywords: corrosion degradation; prestressed reinforced concrete beam; corroded strands; residual
flexural capacity

1. Introduction

Corrosion is one of the predominant causes of deterioration in reinforced concrete (RC)
structures. The primary effects of corrosion on RC elements are cross-section loss of steel
reinforcement, decayed mechanical properties of reinforcement, reduction in bond strength
between reinforcement and concrete, and reduction in concrete compressive strength
due to the cracking [1-5]. These mechanical damages result in the reduced structural
capacity of RC elements and subsequently of the whole structure, as highlighted by several
experimental and numerical studies carried out in the past few decades [6-9].

In prestressed RC structures, the potential risks of corrosion would be more severe than
the conventional RC structures, as shown by several damage cases, which have occurred
in European countries [10-14]. In the prestressed elements, the combination of applied
stress and the cross-section loss of reinforcements due to corrosion could enhance the risk
of brittle failure [15,16]. Moreover, stress corrosion cracking and hydrogen embrittlement
of prestressed steel strands are other factors that might lead to a brittle failure [17-20].

Recent collapses of prestressed RC structures due to corrosion put the safety of the
elements under question [11-15,21-25]. Examples include the partial collapse of Berlin
Congress Hall in 1980 due to the combination of corrosion and stress concentration in the
tendons (stress corrosion cracking, SCC), the Ynys-y-Gwas Bridge in the UK, which failed
in 1985, and the Saint Stefano Bridge in 1990, which collapsed due to the pitting corrosion of
prestressing strands [11,13,22]. More recently, the Polcevera Viaduct in Genoa, which was
in service for over 50 years, collapsed, likely due to the combined effects of corrosion and
fatigue [23-25].
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Although scientific efforts are being devoted to the assessment of the residual struc-
tural performance of prestressed RC members damaged by corrosion [26-28], few experi-
mental studies have been conducted to explore the flexural behavior of corroded preten-
sioned reinforced concrete (PRC) beams [29—47]. The beams realized with the pretensioning
technique, where the strands are adherent to the concrete, respond differently to the
corrosion phenomenon with respect to the case of beams realized with the post-tensioning
technique [38,48]. In fact, once corrosion occurs, in pretensioning, the variation in bonds
between strands and concrete influences the state of coaction, which does not occur in
post-tensioning. Therefore, in the latter, the reduction in bending capacity is only due
to the cross-sectional reduction of prestressing strands. While in pretensioned beam:s,
the variation of bond strength observed in the corroded strands influences the structural
performance. Nevertheless, since the strand-to-concrete interaction after the corrosion
degradation has not yet been assessed, the observed prestressing loss cannot be explicitly
considered in relation to the bond strength decay, and the flexural behavior of corroded
PRC beams can be interpreted only from a phenomenological point of view.

The main objective of the present paper is to provide a state-of-the-art review on
experimental tests assessing the flexural capacity of corroded PRC beams. With this
aim, the results of the experimental studies are collected and reviewed to summarize
the corrosion effects on the flexural capacity and failure mechanisms of corroded PRC
beams. Furthermore, the data from the collected experimental tests are analyzed and,
when possible, compared. The residual flexural strength of the corroded PRC beams is
therefore reported as a function of the mean corrosion level, defining the first attempt
of degradation law. In view of the limited number of beam tests, their diversities and
the complexity of the phenomenon, the scattering of the experimental results from the
proposed relationship are significant. Therefore, a greater effort should be made by the
scientific community to enlarge the database of experimental results on corroded PRC
beams. In this way, reliable models capable of predicting the capacity of corroded PC
beams, at least in terms of resistance, could be properly calibrated.

2. Review of Performed Experimental Tests on Corroded PRC Beams

Despite the significance of this issue, few experimental studies have focused on the
effect of corrosion on pretensioned reinforced concrete beams in flexure. This section
presents an extensive review of these existing works. In comparison with ordinary RC
beams, few experimental researches have been conducted to evaluate the structural be-
havior of the PRC beams damaged by corrosion; a total of 19 papers were found in the
scientific literature concerning the investigated topic. In these studies, the effects of corro-
sion on cracking, residual capacity, ductility and types of failure in PRC beams have been
investigated. The main outcomes of the collected experimental campaigns, i.e., reduction
in load-bearing capacity (AR), ductility (1) and observed failure mode (FM), are reported
in Table 1. In addition to the main outcomes, this table presents: (a) number of tested
beams, (b) dimensions of the beams, (c) type of corrosion, and (d) corrosion levels if
available. In this paper, the ductility of a structural element is expressed in the form of
a ratio between the ultimate and yielding deflection. The studies are grouped in order
to clearly distinguish the members subjected to different corrosion processes (natural or
accelerated). Among them, four articles [29-32] dealt with the behavior of beams extracted
by a decommissioned bridge (DB_N); three works [33-35] investigated the performance
of beams with reduced dimensions with respect to the previous ones and subjected to a
naturally corrosive environment (B_N); eleven papers [36—47] experimentally tested the
flexural performance of PRC beams damaged by artificial corrosion (B_A).
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Table 1. Summary of the experimental studies on the effect of corrosion on pretensioned reinforced concrete (PRC) beams in flexure.

Reference Group and Beam Size * (cm) Type ?f Corrosion Amount Main Outcomes
No. of Beams Corrosion
° ARpax *** = 50% for the beam with some wire
cross-section loss up to 75%.
Pape and Melchers, 2010 [29,30] DB_N 60(22.5) x 67.5 x 1300 Natural corrosion ~ Max 75% cross-section lossof e pwas Progresswely reduced by increasing the
3 T-shaped beam (45 years) wires strand corrosion degradation.
e  FM: premature failure of wires occurred in
beams with higher deterioration.
. o  ARpmax =69%
Rogers et al., 2012 [31,32] DEEN 82.6(25.4) x 68.6 x 900 Nat?;;};g;so)SIOn N/A** ° p not characterized by a clear trend.
e  FM: wire failure for higher deterioration.
. e AR =0 (not significantly influenced b
an y y
B N Natural corrosion the environment)
Mircea et al., 1994 [33] ~ 15 x 15 x 330,12 x 18 x 330 (10-12 years in N/A . : . .
38 different conditions) ° u progressively reduced by increasing the
environmental aggressiveness.
ARmax =2 35%
Belletti et al., 2020 [34] BN 15 x 30 x 540 Natural corrosion ;o than 10% mass loss p reduced by increasing corrosion.
8 (10-years) FM: strands’ corrosion caused strain
localizations and premature failure.
ARmax = 77%
. B_N Natural corrosion o p is lost because of the corrosion.
Vecchi et al., 2020 [35] 3 15 x 30 x 540 10-vears Greater than 10% mass loss EM: concrete spalling and longitudinal cracks
y paling &
due to the corrosion causing brittle failure.
ARmax = 69%
u was not characterized by a clear trend
Rinaldi et al., 2010 [36,37] B—‘;—M 20 x 30 x 300 Accelerated 7-20% mass loss of reduction.
corrosion e  FM: ML > 7% caused strand rupture, turning
the failure mode from ductile to brittle.
ARmax = N/A
u was not characterized by a clear trend
Li et al., 2010 [38] B—‘g—M 15 x 20 x 260 ﬁfﬁgi‘;ﬁd Up to 2.87% mass loss of reduction.
e  FM: characterized by concrete crushing and
rupture of the strand.
ARmax = 26%
u was progressively reduced by increasing the
Menoufy and Soudki, 2014 [39] RB_A 10(40) x 30 x 360 Acceler.ated Up to 10% mass loss corrosion level.
6 T-shaped beam corrosion

FM: failure was characterized by rupture of the
strand in all beams.
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Table 1. Cont.

Reference Group and Beam Size * (cm) Type ?f Corrosion Amount Main Outcomes
No. of Beams Corrosion
ARmax =2 33%
u was progressively reduced by increasing the
ElBatanouny et al., 2015 [40] B_lg_C 15',21,(_2}11)21 Xengle:mzl% Accc;:rerl(f;?;reld Up to 13% mass loss corrosion level.
P e  FM: characterized by concrete crushing and
significant deflection.
ARmax =2 10%
u was progressively reduced by increasing the
Liu and Fan, 2019 [41] B—lgR 15 x 25 x 220 Acfjsgfgﬁd N/A corrosion degradation.
e  FM: corrosion turned the failure mode from
bending to shear.
ARmax = 60%
Yang et al., 2020 [42] B_A_M 25 % 45 x 360 Acceler.ated 30% mass loss on average u was Progresswely reduced by increasing the
6 corrosion corrosion level.
e  FM: brittle failure of strands.
i ARmax = N/A
Dai et al., 2020 [43] B_A M 13 x 15 x 200 Acceler'ated Up to 14.7% mass loss e pwas Progresswely reduced by increasing the
8 corrosion corrosion level.
e  FM: concrete crushing.
o  ARmax = 4%
Benenato et al., 2020 [44] B AM 20 % 30 x 300 Accelerated 5.06% mass loss *  pwaslost due to corrosion.
2 corrosion e  FM: corrosion turned the failure mode from
ductile to brittle.
o  ARpax = 17.3%
. B A M Accelerated o ° Al max = 19%
Liu etal, 2020 [45] 5 15525 > 220 corrosion Up t0 10.2% mass loss e  FM: failure was characterized by concrete
crushing and shear failure.
e  FM: fatigue fracture of corroded prestressing
B_A_F Accelerated o wires caused the beam’s failure. Higher
Zhang etal., 2016 [46] 13 15530 %270 corrosion Up t0 5.6% mass loss corrosion levels reduced the fatigue life of
the beam.
B AF Accelerated e  FM: the initial stiffness of corroded PRC beams
Liu et al., 2019 [47] 5 15 x 30 x 270 corrosion Up to 4% mass loss decreased after cyclic loadings and the brittle

failure was observed after corrosion degradation.

* width x height x length for rectangular section and top width (bottom width) x height x length for T-shaped section, ** N/A—not available or applicable, *** ARmax =

bearing capacity due to the corrosion.

Mmax,cmmded

maximum reduction in

max,uncorroded
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Concerning the artificially corroded PRC beams, nine papers [36—45] experimentally
investigated the flexural performance decay under monotonic loads (B_A_M); with the
aim of investigating the beneficial effects of retrofitting intervention by means of composite
materials, two works [39,41] also address the issue of the structural response of corroded
PRC beams (RB_A); only one article [39] deals with both monotonic and cyclic flexure
behavior (B_A_C); two papers [46,47] investigate the fatigue performance of corroded
PRC beams (B_A_F). In the following, the prominent key findings of this research are
summarized with specific reference to the results obtained for the flexural performance
of corroded beams. Wherever possible, the experimental results are collected, and the
obtained load-displacement curves are directly compared in order to present a clear
summary of the structural response after corrosion degradation.

2.1. Naturally Corroded PRC Beams

Pape and Melchers [29,30] studied the behavior of three 45 year old bridge beams
extracted from the Sorell Causeway bridge in Australia. The structure was 457 m long
and consisted of 34 spans. As a reference element, a beam extracted from the same bridge,
but in exceptionally good condition (only superficial rust was detected), was considered.
One beam, declared to be in reasonable condition, was characterized by longitudinal cracks
on both sides of the web and minimal rust staining; cross-sectional area losses on some of
the wires averaged 57%. The beam that was declared to be in poor condition presented
severe longitudinal cracks on both sides of the web, minor spalling and minimal rust
staining; cross-sectional area losses on some of the wires averaged 64%. Concerning the
prestressing strand corrosion, the reinforcement presented black spotting on the surface
coupled with a corrosion pattern consistent with both general and pitting corrosion. Despite
the accurate description of the suffered corrosion, the average mass loss evaluated on the
entire strand was not declared.

From the beam tests, the authors observed that the corrosion of strands progressively
reduced the flexural response of the PRC beam in terms of strength and ductility (Figure 1a).
The observed reduction in the ultimate bending moment was 31% for the beam in reason-
able condition and 49% for the beam in poor condition. Moreover, the number of wires
broken during the flexural test seems strictly related to the increase in the load-bearing ca-
pacity reduction: 10 out of a total of 36 wires were fractured during the test in the case of the
reference beam, 17 wires were fractured for the beam in reasonable condition, and 33 wires
were fractured for the one in poor condition. The authors also showed the crack pattern of
the beams after the flexural test. In the case of the reference beam, equally spaced cracks
in the midspan can be observed, consistent with a flexural failure. In the corroded beams,
however, large diagonal cracks that connected with the original longitudinal web cracking
were formed. Therefore, variation in the collapse mode from flexural (ductile) failure to
shear (brittle) failure was observed because of the corrosion degradation. The different
failure modes of the reference and the corroded beams also emerged following the accurate
analysis of the strands after the flexural testing: the failure surfaces of the prestressing
wires were cup and cone—typical of ductile failure—in the reference beam (Figure 1b);
in the corroded beams, the strands presented fracture surfaces in arrow-point form, typical
of brittle failure (Figure 1c).
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Figure 1. Experimental test by Pape and Melchers: (a) bending moment vs. midspan displacement curves, adapted
from [29,30], (b) ductile fracture of prestressing wires in the reference beam [30], and (c) brittle fracture of prestressing wires
in the most corroded beam [30].

Rogers et al. [31,32], using four-point bending, tested 19 pretensioned beams extracted
from the Tiwai Point, a decommissioned bridge in New Zealand consisting of 28 spans
and a total length of 504 m. After 42 years of exposition in an extremely aggressive coastal
environment, the bridge showed a loss of up to 60% of the cross-section of the bottom layer
of pretensioned strands. The surveys carried out indicated (i) average cover to strands of
around 59 mm, (ii) chloride content up to 0.3% by weight of concrete, and (iii) irrelevant
carbonation depths. In the absence of longitudinal cracks or other corrosion signs—verified
after testing—some beams were declared in good condition and considered as reference
elements. For such members, the crack pattern at failure consisted of vertical flexural cracks
spanning the middle third of the area. In some cases, a mixed shear—flexural failure also
occurred, characterized by concrete crushing coupled with a flexural shear crack extending
from one of the loading points. But, in the case of the corroded beams, only pure flexural
failure was observed, with flexural cracks extending from the original corrosion crack.
The strand failure was detected in samples with severe corrosion. Depending on both the
reinforcement arrangement on the beams and the degree of corrosion, the reduction in the
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load-bearing capacity of the deteriorated beams is variable. The weakest corroded beams
supported only 69% of their good-condition counterparts; unfortunately, the effective
corrosion cross-section losses suffered by the tested beams were not assessed.

Mircea et al. [33] studied the behavior up to failure of reinforced and prestressed
concrete beams subjected to a long-term natural degradation process under a constant load
for a period ranging from 10 to 12 years. Four naturally aggressive environments were
considered: urban environment, marine environment, chlorine pollution industrial envi-
ronment and nitrogen pollution industrial environment. Moreover, reference specimens
were preserved under laboratory conditions. It was reported that prestressed beams were
characterized by a crack pattern (maximum width of 0.05 to 0.10 mm) smaller than that
observed for ordinary reinforced beams (maximum width of 0.15 to 0.20 mm). Moreover,
the beam tests performed after 10 to 12 years showed that the environmental condition did
not significantly influence the beam’s bearing capacity, i.e., only the nitrogen environment
induced a 10-20% reduction in the ultimate moment after the corrosion. On the contrary,
ductility decay depending on the environmental aggressiveness was observed in all cases.
No data of the attained corrosion level were indicated.

Belletti et al. [34] carried out an experimental campaign on full-scale PRC beams
extracted from the refrigeration tower of a thermal power plant. During their lifecy-
cle, the beams were subjected to refrigerating wetting cycles with marine water for
10 years. An initial prestressing action of 1408 MPa was declared, which was approx-
imately 0.89 times the nominal yield strength of the strands (fp0.1x = 1580 MPa). Corrosion
caused longitudinal cracks, swelling, splitting phenomena and spalling of concrete cover.
According to the authors of [34], the mass loss suffered by the prestressing tendons varied
along each beam. To carefully report the corrosion distribution along the beams, the au-
thors subdivided the tendons into different segments to classify them on the basis of the
corrosion level (CL) observed. Three ranges of values pertaining to the measured mass
loss were observed: a low corrosion level (<2%), a medium corrosion level (2-10%) and
a high corrosion level (>10%). For the sake of clarity, a diagram of the corrosion level
distribution along the tested beams presented in [34] is provided in Figure 2a. Each beam
is characterized by a combination of two or three corrosion levels; therefore, each element
is subjected to a different deterioration distribution. To gain insight into the influence of
the degradation on the flexural behavior of the corroded beams, for each beam, the average
corrosion level was calculated considering the different corrosion levels of the segments in
between the supports. Moreover, according to the information given in [49], 20% mass loss
was assumed in the case of the higher corrosion level. Therefore, the weighted mean was
calculated and the average CL assigned to each beam was estimated as the mean value of
the mass loss evaluated for each prestressing reinforcement.

Since the existing beams were damaged in the inferior part, the authors decided
to perform experimental four-point tests adopting different span lengths for each beam
depending on the extension of concrete cover spalling caused by the corrosion at the
beam-ends [34]. The positions of the supports are depicted in Figure 2a with the span
lengths L used for each beam. In detail, the span length varied from 5.04 m (in the case
of the reference beam) to 3.11 m (for the PB4P14 specimen characterized by an average
corrosion level of approximately 6.03%). In order to make the results comparable for the
different beams, at least in terms of loading, in the present paper, the load—displacement
curves provided by the authors were transformed in the bending moment-displacement
curves (see Figure 2b) to provide a clearer overall view of the experimental findings. It is
worth noting that the midspan deflections are not comparable, since they are influenced by
the different span lengths.
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Figure 2. Experimental test by Belletti et al. [34]: (a) corrosion level (CL) distribution along the tested beams, and (b)

bending moment vs. midspan displacement curves adapted from [34].

The analysis of the experimental results clearly shows that the corrosion deterioration
progressively reduces the beams” ductility and strength. After ruling out some exceptions,
a trend in the reduction of the flexural strength depending on the corrosion level can
be observed. Concerning the beam referred to as PB4P9 in [34] and characterized by an
average corrosion level of 7.15%, a lower structural response can be observed. However,
such a result can be completely disregarded since the beam is characterized by a premature
pure shear collapse, as highlighted by the authors, analyzing the crack pattern in the
deformation maps captured by digital image correlation (DIC) during both the test and
the collapse. The structural performance of the beams referred to as PB4P5 and PB4P6
in [34] does not appear to be consistent with the rest of the experimental campaign. In this
case, however, the reason does not lie in the variation in the failure mode but rather in
the value attributed to the assigned corrosion level. In fact, even if low to mid-corrosion
can be observed between the supports, the structural response could be governed by the
presence of deeper pits along the strands. In fact, the pitting corrosion provides stress
localization, causing the wires to rupture and, therefore, resulting in the brittle failure
of the beam. It is worth noting that the presence of localized pits along the strands is a
significant uncertainty parameter that could not substantially modify the mass loss of a
certain section. Therefore, the average mass loss should be regarded only as an index of
the possible structural behavior, which must be ever associated with the dimension and
the location of the deeper pits. Unfortunately, the maximum pit depth and location have
not been indicated in either case in [34].

From the same existing structure, another three beams were extracted and the experi-
mental results are presented in Vecchi et al. [35]. Concerning the behavior of the corroded
prestressed beams described in [35], a reduction in ultimate bending moment and ductility
was found. According to the authors, the decay was approximately 17.39% and 77.35% for
average corrosion levels of 5.7% and 9.3%, respectively. The latter was estimated according
to the information given in [49], since only an average corrosion level on 500 mm long
prestressing strand pieces was provided in [35]. The most corroded beam presented an
extended region with a high level of corrosion in the midspan, coupled with longitudinal
cracks, splitting phenomena and concrete cover spalling. According to the authors, the brit-
tle flexural behavior of this beam can be related to a combination of factors (localized high
level of corrosion, splitting phenomena caused by corrosion of strands, bond deterioration
with large strand slip, concrete crushing and spalling), which makes the interpretation of
the corroded beam performance problematic. On the contrary, the other corroded beam
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did not show longitudinal cracks or concrete spalling due to the degradation, showing a
crack pattern during the collapse characterized by multiple vertical cracks at the midspan
coupled with low ductility. It is noteworthy that this beam exhibited strand rupture at
failure, contrary to what was observed for the more highly corroded specimen.

2.2. Artificially Corroded PRC Beams

Rinaldi et al. [36,37] conducted experimental testing on corroded and uncorroded
PRC beams with four-point bending. The strands were prestressed to 1300 MPa, which was
approximately 0.70 times of their nominal ultimate strength. In total, nine PRC beams—
characterized by different concrete compressive strengths (34.0, 41.5 and 47.4 MPa)—were
artificially corroded, with various percentages of mass loss (7%, 14% and 20% by loss
of steel mass of each strand); in all cases, the corrosion was restricted to the bending
zone of the beams. The obtained results are represented in Figure 3a in the form of
bending moment-displacement curves. In the concrete with 34.0 MPa compressive strength,
the bearing-capacity loss was between 28% and 41% under severe corrosion (20% by mass
loss). However, in the good-quality concrete, corrosion of medium and severe corrosion
levels (14% and 20%) led to a sharp reduction in the capacity (up to 66%). Moreover,
ductility degradation, due to the increase in the corrosion level, can be observed in the
results. The analysis of the crack pattern resulting from the collapse suffered by the beams
(Figure 3b) indicates that corrosion changes the failure mechanism of PRC beams. With the
exception of the beam characterized by higher concrete strength—for which pure bending
failure was observed—in the absence of corrosion, collapses occurred for concrete crushing
accompanied by bending and shear interaction. The crack pattern at failure becomes more
localized with an increased corrosion level. In detail, for the beam with 7% mass loss,
vertical cracks between the two-point loads and inclined cracks in the shear spans can
be observed, whereas for the higher corrosion levels, the crack pattern is characterized
only by sub-vertical cracks with branches. With the exception of the lower corrosion
level—for which the simultaneous crisis in concrete and strands occurred—the strand
failure governed the collapse of the corroded beams. Since, during the test, the sudden
rupture of the prestressing wires weakened by the corrosion deterioration was observed,
the structural performance of the corroded beams is associated with the average level of
corrosion achieved. Nevertheless, it can be assumed that the stress and strain localization
provided by the pitting corrosion is the cause of the wire rupture. Therefore, it is concluded
that the mass loss can be considered only as an index of the severity of degradation,
since the beams’ ultimate capacity is governed by the stress localization in the corrosion
pit. For a better explanation, a picture of the strand is presented in Figure 4 for the case
of specimen B8 (characterized by a 20% mass loss and a concrete strength of 34.0 MPa).
Specimen B8 collapsed due to the wire strands’ local rupture in the section affected by the
deeper corrosion pit; see Figure 4b.

Li and Yuan [38] experimentally investigated the performance of ten PRC beams,
of which five were pretensioned RC beams and five were post-tensioned ones. The beams
were characterized by the same materials and reinforcement arrangements. An initial pre-
stressing action of 1395 MPa, which is approximately 0.75 times the strands’ characteristic
ultimate strength (f,; = 1860 MPa), was applied to the beams. The corrosion was induced
by means of an electrolytic procedure, where the degradation process was catalyzed by
introducing 3% sodium chloride into the mass fraction of cement. With reference to the
PRC beams, the obtained corrosion degree was extremely low, up to 2.87% in mass loss.
To evaluate the flexural capacity of the corroded beams, four-point bending tests were
performed. In any case, it is important to note that the result regarding the reference
uncorroded beam cannot be employed since this member prematurely collapsed in pure
shear coupled with the slippage of the steel strand. It seems that the pretensioned system
was inefficient and, at the peak load, the prestressing action was completely lost since the
maximum strength of the uncorroded specimen matched the ultimate bending moment of
the beam characterized only by mild reinforcement. A synthesis of the results of the ex-
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perimental campaign is presented in Figure 5a, where the bending moment-displacement
curves are provided.

100
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Figure 3. Experimental tests by Rinaldi et al. [37]: (a) bending moment vs. midspan displacement curves at different corrosion
levels (CL), adapted from [37], and (b) crack pattern during the collapse of the corroded and uncorroded beams [37].

(a) (b)

Figure 4. Experimental tests by Rinaldi et al. [36]: (a) prestressing strand failure in corroded beam 8 (20% mass loss), and (b)
examples of strand corrosion in specimen BS.
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Figure 5. Bending moment vs. midspan displacement curves at different corrosion levels (CL), adapted from: (a) experi-
mental test results by Li and Yuan [38], and (b) experimental test results by Menoufy and Soudki [39].

Due to the erroneous behavior of the reference beam, the evaluation of the reduction in
bending capacity due to corrosion is not possible. However, according to the experimental
results of the corroded beams, a slight reduction in the ultimate load due to the increased
level of corrosion was observed, accompanied by a ductility variation trend that did
not appear to be well-defined, probably since the level of corrosion was similar for the
analyzed beam:s.

Menoufy and Soudki [39] assessed the effect of corrosion of strands on the residual
capacity of PRC T-beams. To this aim, six full-scale PRC T-shaped beams were tested with
four-point bending. The prestressing strands were tensioned to 70% of their ultimate stress.
In this study, only the central tension region of the beams (1 m in length) was corroded. It is
worth underlining that the specimens were characterized by only one strand in tension;
therefore, the flexural performance of the beam was strictly related to the tensile behavior
of the corroded strand. In fact, in all the corroded specimens, the failure occurred due to
rupturing of the tendons. All the beam specimens were subjected to accelerated corrosion
to achieve 2.5%, 5% and 10% mass loss. A synthesis of the results of the experimental
campaign is reported in Figure 5b, where the bending moment-displacement curves are
represented. Corrosion reduced the flexural capacity of the PRC beams: for 2.5% and
5% mass losses, the reductions in ultimate load capacity were 6.5% and 9%, respectively;
for 10% mass loss, the reduced ultimate capacity was 26%, and up to 76% reduction in
midspan deflection was measured.

ElBatanouny et al. [40] tested eight prestressed T-shaped RC beams under cyclic load-
ing. The experimental campaign consisted of two sets of beams, identical in prestressing
force and design but characterized by different concrete strengths (29.0 and 40.7 MPa) and
accelerated corrosion techniques (impressed current and wet/dry cycles). The strands
were prestressed to 1265 MPa, which is approximately 0.68 times their nominal ultimate
strength (f,, = 1860 MPa). The first set of tested members was composed of two beams,
characterized by strands that were slightly corroded before the concrete casting (4% uni-
form mass loss). In this group, one beam was considered as a reference, while the other
one was preloaded in four points to 80% of the nominal capacity and exposed to a chloride
solution using a 3-day wet/4-day dry cycle to accelerate corrosion. The attained corrosion
level was 4.9% mass loss.
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The second set of beams consisted of two reference beams and four beams preloaded to
60% of the nominal capacity and electrolytically corroded to achieve mass losses between
6.3% and 12.8%. Both monotonic and cyclic load tests were conducted on the beams.
Depending on the adopted accelerated corrosion techniques, different structural responses
could be observed: in the first set, the structural response seemed to be most deeply marked
by the corrosion degradation, compared to the beams of the second group. Probably,
this peculiar behavior can be explained by considering the fact that the effects of the
artificial corrosion process are related to the crack width obtained during the preload
phase: in the first set, the beams were preloaded to achieve a crack of 0.8 mm, while in
the second group, the target crack width was 0.4 mm. This means that the corroded beam
of the first set should have been characterized by localized pits of a greater extent and
lower depth with respect to those formed in the second set under the same corrosion
level. Unfortunately, the dimensions of the localized pits formed on the tested beams
are not indicated in [40]. Concerning the monotonic tests on the second group of beams,
a reduction in the load-bearing capacity and deflection of the PRC beams were observed
after increasing the corrosion level. The reduction in the ultimate load capacity varied
between 11% and 32.8%, while the maximum deflection was reduced in the range of
12.5-32.4%. In the cyclic tests, corrosion due to the deviation from linearity significantly
reduced the maximum load achieved during the test and increased the reinforcement
slippage as well as the crack opening or widening.

Yang et al. [42], unlike other experimental groups, performed the artificial corrosion
of PRC beams during the application of a high bending moment. In total, six beam speci-
mens were fabricated and corroded using an accelerated corrosion procedure. An initial
prestressing action of 1398 MPa was applied, which is 0.75 times the steel strands with a
nominal ultimate strength (f,4 = 1860 MPa). Simultaneously, the beams were subjected to
wet/dry cycles using direct current (DC) power, i.e., the specimens were kept for 3 and
4 days in dry and wet conditions, respectively. They used a sponge containing 5% sodium
chloride solution to corrode the beams. The corrosion level attained was, on average,
30% in mass loss. During the artificial corrosion process, the specimens were subjected
to a sustained load (0, 50 and 100 kN), in a four-point bending configuration. It should
be noted that 50 and 100 kN represent around 30% and 60% of the designed ultimate
bearing capacity of the beams, respectively. The entire process of loading and corrosion
took 550 days. Subsequently, the specimens were monotonically loaded under a bending
test machine up to 500 kN. The experimental results are synthesized in terms of bending
moment—displacement curves (Figure 6a). None of the uncorroded beams experienced
collapse, contrary to what was observed for the corroded specimens, which collapsed due
to the rupture of the strands. The combined application of sustained load and corrosion
resulted in a larger total loss of prestressing force than the case subjected to corrosion
without sustained loads. In Yang et al. [42], the time-dependent tendon force was mea-
sured by means of a nondestructive technique based on sensors measuring the magnetic
permeability of prestressed tendons. The largest total loss of prestressing force was around
56% for a beam subjected to 60% of its designed ultimate load during the corrosion process.
Moreover, it was shown that prestressing force can restrict the development of transverse
cracks during severe corrosion in the strands. Yang et al. [42] also found that a sustained
load promotes corrosion localization, and beam specimens subjected to higher loads dis-
played more severe pitting corrosion. Other researchers report the importance of pitting
corrosion in the failure of RC beams as well [50-53]. In fact, pitting corrosion dramatically
reduces the mechanical properties of strands.
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Figure 6. Bending moment vs. midspan displacement curves at different corrosion levels (CL), adapted from: (a) experi-
mental test results by Yang et al. [42], and (b) experimental test results by Dai et al. [43].

Dai et al. [43] investigated the effect of the level of prestress load on the corrosion level
and consequently on the reduction of flexural capacity. With this aim, they performed a
four-point flexural test on eight PRC corroded beams characterized by corrosion levels
between 7.05% and 14.96% and different levels of prestressing action (from 0 to 1395 MPa;
the yield and ultimate strengths of the strand were 1830 and 1910 MPa, respectively).
The electrochemical method was employed to accelerate the strand corrosion, by applying
a constant current of 0.1 A in the inferior strands for 15 (PA series) or 20 days (PB series).
The beams were partially submerged in a corrosion tank. According to the authors of [43],
high strand stresses can accelerate the corrosion-induced prestress loss, e.g., by varying the
strand stress level from 25% to 75% of the tendon strength, the corrosion-induced prestress
loss increases by 20%. In Figure 6b, the obtained bending moment—deflection curves are
presented. After varying the prestressing action, beams subjected to 15 days of artificial
corrosion showed mass losses between 7.47% and 9.41% coupled with prestress losses of
12.0% up to 31.3%. After increasing the corrosion duration, prestress losses from 34.4% up
to 55.3% were measured, coupled with corrosion levels of 11.52% and 14.69%, respectively.
Even if this study is significant because it is the only one in which the prestress losses are
measured, it should be mentioned that the results of the reference uncorroded beams are
omitted; thus, no consideration is given to the flexural strength and ductility reduction due
to the corrosion.

Benenato et al. [44] conducted experimental testing on two PRC beams using four-
point bending, characterized by an initial prestressing action of 1300 MPa, approximately
0.70 times the nominal ultimate strength of the prestressing tendons. The work is part
of a research project aiming to parse out the impact of a low degree of corrosion on the
structural behavior of PRC beams. One beam was considered as a reference, while the
other was subjected to an artificial corrosion process designed to produce realistic dete-
rioration (the corrosion spreads along the entire structural element but is more marked
on the shear spans), with an attained corrosion level at an average of 5.06% in mass loss.
This corrosion level causes a loss of ductility, while the strength is practically unchanged
(Figure 7a). The behavior of the corroded beam was similar to that of the reference beam
up to the peak load. Concerning the brittle failure of the corroded beam, the collapse can
be attributed to the concurrent concrete crushing and tendon failure, associated with a
very sudden softening branch. As highlighted by the crack patterns (Figure 7b), the sound
beam shows vertical cracks between the two load points and inclined cracks close to the
supports. Moreover, during the collapse, concrete crushing combined with the bucking of
the compressed reinforcement occurs. On the contrary, in the corroded beam, only slight
concrete crushing is manifested, while inclined cracks form only near the load points.
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Figure 7. Experimental test by Benenato et al. [44]: (a) bending moment-deflection curves at different corrosion levels (CL),

adapted from [44], and (b) crack pattern after the collapse of the corroded and uncorroded beams.

In Figure 8, an example of strand corrosion and their local rupture that occurs during
flexural testing is presented. Wire failure was identified along the strand where the
wire’s cross-section, because of the formation of localized pits, was reduced and became
insufficient to sustain the superimposed stress state. Since the failure of a corroded wire
is the consequence of a crack originating in a corrosion pit, it makes sense that the shape
of the pitting affects the fracture surfaces of the prestressing wires. Therefore, we can
find arrow-point type fracture surfaces (Figure 8b) or inclined shapes with valley breaks
(Figure 8c)—in all cases, shapes which are typical of the brittle failure of steel wire.

Section 2

(b)

Figure 8. Experimental test by Benenato et al. [44]: (a) corroded strand extracted from the beam, (b) example of arrow-point

type fracture (Section 1 in Figure 8a), and (c) example of inclined-shape fracture (Section 2 in Figure 8a).
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Since the beams tested by Benenato et al. [44] have the same geometry and reinforce-
ment as the specimen tested in [36,37], the experimental results can be directly compared.
The collapse mode of the corroded beams is similar for the two experimental campaigns:
(i) a maximum load close to that of the reference beam, (ii) an abrupt failure, and (iii)
a collapse occurring due to the simultaneous occurrence of concrete crushing and wire
rupture in the strands. Hence, the existence of a transition stage between the two phases
of the flexural performance of corroded PRC beams can be confirmed, the first charac-
terized by low corrosion levels associated with a progressive ductility reduction without
bearing-capacity losses and the second characterized by high corrosion levels coupled with
a flexural strength reduction and a failure mechanism modification, as already observed by
other authors [28,36,37].

Liu et al. [45] conducted experimental testing on five PRC beams using four-point
bending. A very low initial prestressing action of 558 MPa, only 0.30 times the nominal
strand yield strength, was applied. The beams were subjected to accelerated corrosion for
up to 42 days by means of the electrochemical method. A synthesis of the experimental
results is presented in Figure 9a, where bending moment-displacement curves are provided.
It is shown that slight corrosion has a weak effect on the flexural behavior of prestressed
concrete beams, even if a reduction in the strand slip is observed to increase the corrosion
level. Therefore, in the experimental work by Liu et al. [45], a variation in the strand-to-
concrete interaction due to the corrosion was detected. The flexural capacity decreases
for corrosion levels higher than 7%. For a corrosion level of 10.2%, the ultimate deflection
decreases by 18.7%, the flexural capacity reduction is 17.3%, and the ductility declines
by 19%. However, the slip between the corroded steel strand and concrete increases:
the ultimate slip rises from 5 to 11.4 pum.
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Figure 9. Bending moment vs. midspan displacement curves at different corrosion levels (CL), adapted from: (a) experi-

mental test results by Liu et al. [45] and (b) experimental test results by Liu and Fan [41].

To address the behavior of corroded beams retrofitted with composite materials,
Liu and Fan [41] studied the effects of initial damages and chloride corrosion on the
flexural behavior of prestressed concrete beams. In the following, the performance of
the non-retrofitted beams is analyzed. Therefore, only the results obtained for four pre-
stressed concrete beams, which were preloaded with 0%, 40% and 60% of the ultimate
load, are presented. In addition, in this case, 30% of the strands’ yield stress was the initial
prestressing amount. The beams were immersed in chloride solution (CaCl, and MgCl,
with 5% concentration) for 120 days. Unfortunately, the attained corrosion level is not
reported in the paper. Four-point bending tests were performed. The sectional strain,
deformation, flexural stiffness, flexural capacity, ductility and cracking characteristics were
reported but they were not correlated with the observed corrosion level. Figure 9b presents
a synthesis of the experimental results in the form of a bending moment-displacement
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(a)

curve. In general, it can be observed that corrosion reduced the ductility by up to 21% and
the flexural capacity by up to 10%.

Zhang et al. [46] tested thirteen pretensioned, partially prestressed concrete beams
under cyclic loading. The prestressing reinforcements were pretensioned up to 75% of
their nominal ultimate tensile strength. The beams were artificially corroded up to 5.6%
average mass loss. It was reported that all the beams failed at the location of the maximum
cross-section loss. The localized cross-sectional losses of the specimens were ten times
greater than the average cross-section loss. The fracturing of the first wire in three corroded
beams characterized by mass losses of 1.3%, 2.5% and 5.6% occurred at approximately
421,000, 219,000 and 166,000 cycles, respectively. Compared with the uncorroded beam,
the fatigue life of the three corroded beams displayed a reduction of 44%, 80% and 83%,
respectively. Unfortunately, no load—deflection curves are reported in the paper. However,
the analysis of the fatigue fracture surface in the beam characterized by a 2.5% average
cross-section loss crack pattern (Figure 10) is interesting. To do this, the authors [46]
employed a scanning electron microscope (SEM) to analyze the surface of the fractured
wire. In the high-magnification image, the crack origins around the pit, where many voids
and interconnected cracks are present—triggered by the fatigue failure—can be observed.
The propagation zone shows a flat surface with fine, randomly dispersed and isolated
cracks caused by the loading cycles. More recently, the same authors (Liu et al. [54])
extracted from the failed beams a huge amount of corroded prestressing wire pieces,
with the aim of probabilistical assessing the stress state developed around the corrosion pit
during the fatigue test. To achieve this goal, the morphology of the corroded prestressing
wires was studied by reconstructing 3D geometric models (acquired by means of a high-
resolution laser scanner). Moreover, the stress state around each corrosion pit was simulated
using a finite element method. It was found that the stress concentration around corrosion
pits increases with the corrosion level, depending on the pit dimensions with respect to the
length of the corroded reinforcement.

Liu et al. [47] tested five pretensioned, partially prestressed concrete beams under
fatigue loading. The initial prestressing action was approximately 0.75 times the strands’
ultimate tensile strength (f,uc = 1770 MPa). The beams, artificially corroded up to 4%
average mass loss, showed a great reduction in their deflection capacity, coupled with a
variation in the failure mode from ductile to brittle. Moreover, after fatigue load, a degra-
dation in the initial stiffness, coupled with a significant shortening of the post-yield branch,
was observed as a consequence of the corrosion degradation.

(b)

Figure 10. Experimental test by Zhang et al. [46]: (a) distribution of cross-sectional area of corroded prestressing wire,

(b) SEM images of the fatigue fracture surface of the wire, and (c) SEM high-magnification image of the fatigue fracture

surface. Adapted with permission from [46]. Copyright 2016 Construction and Building Materials.

To summarize the main outcomes of the collected research, the principal effects of
strand corrosion on PRC beams are the change in the failure mode, characterized by the
wire rupture, coupled with a progressive load-bearing capacity reduction, increasing the
corrosion level. With the exception of [34,35], the corrosion level was not estimated in any
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of the studies investigating naturally deteriorated beams. Instead, in the case of beams
damaged by mean accelerated corrosion, the evaluation of mass loss—or local cross-section
reduction—is almost always provided.

Due to differences in the geometry of specimens, corrosion distribution along the
beam, the degradation process or the lack of some crucial information, such as the corrosion
level, most of the literature results are not directly comparable.

3. Degradation Law of Flexural Strength for PRC Beams Subjected to Corrosion

The collected experimental data are very different from each other in many aspects:
beam dimensions, number of strands and their dimensions, pretension load level, material
properties, type of degradation process, concrete-strand interaction and the position of
corrosion along the strands. Most recently, it was observed that the mass loss can be
considered only as an index of the severity of degradation since the beams’” ultimate
capacity is governed by the stress localization in the corrosion pit. Despite the complexity
of the issue, an ongoing challenge is to define a degradation law for the flexural bearing
capacity as a function of the average corrosion level that is able to provide an approximate
indication of the expected residual bearing capacity of a PRC beam with a low corrosion
level or severe corrosion. To ensure the applicability of a degradation law to an existing
structure, an estimation of corrosion level is needed. Of course, the measurement of the
corrosion level reached is a crucial issue. Since the estimation of CL is based on the Faraday
law, several researchers have attempted to predict the corrosion rate, i.e. the current density
developing in existing corroded RC structures. Critical reviews of some of the available
models for the corrosion rate estimation of RC structures can be found in [55,56]. In these
models, the current intensity is related to some factors affecting the corrosion: the concrete
cover depth, the concrete quality (i.e. the concrete resistivity and the water-to-binder
ratio), the cover cracking and the environmental aggressiveness (i.e. chloride content,
temperature, pH and RH). As a general rule, most of these parameters are difficult to
define in existing structures. Therefore, some practical proposals to estimate CL based
on the exposure class and the exposure duration have been developed [57], even if the
range of variability of the current intensity associated with each exposure class is still high.
With this aim, there has been important progress in developing new procedures based on
non-destructive techniques for the estimation of the current intensity to assess corrosion
levels [58-62].

In order to enhance the understanding of the structural performance degradation
of corroded PRC beams, the collected experimental results have been here used in order
to calibrate the bearing capacity degradation law with respect to the attained average
corrosion level. For this purpose, among the experimental campaigns described above,
the findings of five studies [29-33] cannot be included due to the lack of information on
the attained corrosion level. In the other two works [38,43], the corrosion level is declared,
but no information on the reference beam is provided. Therefore, the obtained results
are not suitable for interpretation of the flexural strength degradation of corroded PRC
beams. Concerning the work by Belletti and Vecchi [34,35], an average corrosion level—
assessed by means of the weighted average of the corrosion levels measured along the
prestressing strands according to [49]—is associated with each beam. From the considered
experimental campaigns, the results of three beams from Belletti et al. [34] and one from
Vecchi et al. [35] were excluded, as discussed in the previous section. Finally, due to the
fatigue tests, the results obtained by Zhang and Liu cannot be employed [46,47]. As a
conclusion, only the results of eight experimental campaigns can be considered as to the
formulation of a conclusion [34-37,39,40,44,45]. Therefore, a total of 40 data related to
corroded PRC beams are suitable for the aim of this study.

As indicated by the analysis of the experimental findings, high corrosion levels signif-
icantly reduce the bearing capacity and modify the failure mechanism. On the contrary,
for low corrosion levels, the flexural strength could be kept invariant, showing instead
a progressive ductility reduction. Between these two phases of flexural performance,
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a transition stage seems to exist. The presence of a transition stage was highlighted by
Rinaldi et al. [36,37] according to the experimental results obtained relating to beams with
both low and medium corrosion levels. Moreover, Dai et al. [28] achieved similar results
through a theoretical model validated by three experimental campaigns.

The transition corrosion level should be characterized by a rather limited corrosion
level coupled with a fragile collapse without significant strength decay. Performing a
four-point bending test on corroded PRC beams up to failure, Rinaldi et al. [36,37] observed
extremely brittle behavior in the case of the 7% corrosion level. Similar results were
presented by Benenato et al. [44] for the 5.06% average mass loss. In addition, Menoufy
and Soudki [39] observed a non-proportional reduction in ultimate load capacity exceeding
the 5% mass losses with respect to the case of lower corrosion levels.

The in-depth analysis of the experimental outcomes, together with the state-of-the-art
review, clearly shows that the evaluation of the structural performance of corroded PRC
members is not a simple task, and the response depends on many parameters. A useful
tool for an initial estimation of the corrosion impact on the residual capacity of PRC beams
in flexure can be then given by a decay law able to synthesize the experimental literature
results. In Figure 11, the ratio of the ultimate bending moment of corroded members
(My,corr) and uncorroded ones (M, o) is plotted versus the corresponding percentage of
mass loss of corroded strands. A clear trend in the flexural strength decay can be observed
in Figure 11. The decrease in the corrosion degree up to 7% of mass loss is well represented
by a linear degradation law with a slight slope. A significant deterioration of the flexural
capacity in the case of higher corrosion levels can be observed, and this is well represented
by an exponential branch.
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Figure 11. Impact of corrosion on residual moment capacity of PRC beams in flexure.

Regarding the presence of the transition phase, the residual ultimate moment ratio
decreases according to a two-branch relationship, written as follows:

1‘;{470 =1-0.0172-CL for 0<CL<7% 1)
W =1.18.¢70042CL  £op CL > 7%
1,0

As shown in Figure 12, the calibrated degradation law displays a similar trend to
the ones obtained by the theoretical model presented by Dai et al. [28] for a specific
beam, in which behavior is simulated considering a decay in both the strand-to-concrete
interaction and the strand mechanical properties. However, the degradation law derived
from the experimental results (Equation (1)) shows a higher reduction compared to that
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derived by the simulation of a specific beam, probably due to the fact that the experimental
data come from different beams and various parameters can affect the degradation law.

It is important to underline that the simple proposed degradation law (Equation (1))
is based on the strong assumption that the strength degradation depends only on the
average corrosion level of the strands. Therefore, the proposed law does not include
fundamental parameters such as concrete strength, beam geometry, strand dimensions,
confinement effect of the transversal steel bars and the level of pretension load. The present
assumption has been made because the available data are not sufficient to be divided
into homogenous families in order to investigate the influence of all the above-mentioned
parameters. Therefore, further research providing additional experimental data is required
to analyze homogenous data and, then, to reduce the high scatter of the experimental data,
improving the degradation law for the ultimate bending moment ratio of corroded PRC
beams. However, the proposed degradation law is a simple expression to provide initial
information about the expected reduction in flexural bearing capacity for a deteriorated
PRC beam once the corrosion level is assessed.
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Figure 12. Comparison between the degradation laws derived from experimental results (Equation (1)) and the theoretical
values proposed by Dai et al. [28].

4. Conclusions

In comparison with corroded RC beams, there are few experimental data available
in the literature on the residual flexural capacity of prestressed corroded RC beams.
The present paper provides an extensive review of all previously available experimental
research on the load-bearing capacity of corroded PRC beams. The collected results have
been used to calibrate a degradation law for the residual flexural strength with respect to
the mass loss of strands. The main findings of the paper can be summarized as follows:

e  Corrosion in PRC beams results in the formation of pitting corrosion in the strands.
Stress concentration develops around the corrosion pits, which increases with the
corrosion level and induces the premature failure of prestressing wires. Moreover,
a reduction in the mechanical properties of the strand as a consequence of the pitting
corrosion is expected.

e According to the collected experimental data, the main effect of strand corrosion on
PRC beams was a change in the failure mode, characterized by the wires’ rupture,
coupled with a progressive load-bearing capacity reduction as a result of an increasing
corrosion level.



Metals 2021, 11, 442 20 of 22

e Low corrosion levels induce a progressive ductility reduction without significant
bearing-capacity losses; high corrosion levels cause a flexural strength reduction
coupled with a failure mechanism modification. A transition stage between the two
phases of the flexural performance of corroded PRC beams exists.

e An initial attempt has been made to relate the residual ultimate bending moment
ratio—the ratio of the bending moment strength of a corroded beam (M, corr) to an
uncorroded beam (M, g)—to strands’ mass loss (%) as caused by corrosion. Even if
a clear trend in flexural strength decay can be observed, due to the lack of sufficient
and homogenous experimental data, the proposed relationship is not statistically
representative.

e A database collecting the main experimental results on corroded PRC beams could
help in defining a proper degradation law to predict residual load-bearing capacity.
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