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Abstract: In the past century, precast reinforced concrete has become the most widely used
construction material in infrastructure engineering, especially for long-span structures. Nowadays,
a growing research area concerns the assessment of concrete strength degradation due to
environmental exposure and reinforcement corrosion. This paper reports an experimental
campaign on some prefabricated concrete elements that were exposed to atmospheric agents for
approximately 20 years. The campaign took the uncommon opportunity to access the full inspection
and sampling of rebar. The included activities had different invasiveness and encompassed
inspections, core sampling, corrosion potential mapping, compressive strength tests, as well as
neutralization depth assays on cored surfaces, on chisel-split surfaces, and on drilling powders. The
results bring together a global diagnostic picture of very limited degradation and of elements that
are fully able to attend their design service life; the latter is estimated to be considerably higher than
20 years and to exceed 75 years if the concrete mix does not show quality issues. Results also permit
drawing considerations on a hierarchy of diagnostic reliability in the evaluation of RC degradation,
in which concrete core sampling plays the role of golden standard.
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1. Introduction

The well-known 2018 collapse of the Polcevera Bridge, designed by Riccardo
Morandi, as well as the 2020 collapse of the Albiano Magra highway viaduct and the 2017
Camerano overpass failure, recently raised concerns in Italy towards the degradation of
concrete infrastructure. Other recent failures of long-span structures in Europe, such as
the collapses of the Troja footbridge in Prague in 2017 and of the Pont de Mirepoix-sur-
Tarn in France in 2019, have led researchers to consider the role of corrosion and
deterioration, among other causes of collapse. The sudden and significantly fragile
characteristics of the Polcevera and Albiano Magra collapse kinematics have led to the
following hypotheses: (1) a possible role of steel corrosion and concrete deterioration
among the failure causes; (2) the need to reconsider the expected useful life of similar
infrastructures in reinforced concrete (RC) that were built within the first half and the
middle of the past century; and (3) the need to reconsider the predictive ability of
diagnostic practices that are commonly employed in civil engineering.

With a view towards a critical review of the reliability of some practices used today
that are available for the diagnosis of degradation and the prediction of the serviceability
life of RC infrastructures and buildings, this paper reports an experimental campaign
carried out at the Department of Architecture and Industrial Design of the University of
Campania “Luigi Vanvitelli” on a group of long-span precast concrete elements.
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These elements were never put into service after prefabrication, which occurred
between 2000 and 2006, and were exposed to weathering during their storage period in
an outdoor area of the precast concrete plant “Sviluppo Silicalcite” in Caiazzo, in the north
of Campania, in the south of Italy. The elements consist of RC precast columns,
prestressed omega beams and a “T” shaped beam. The prefabrication industry made them
available for scientific and engineering investigations, even for destructive testing, as they
were previously scheduled for disposal, despite not being affected by any quality issues.

The recognition of more or less recent scientific and engineering documents that
provide direct or indirect guidelines, recommendations, and regulations for the
assessment of corrosion-related degradation in prestressed RC elements preceded the
analysis of experimental results. Indeed, the comparison between the past and present
paradigms on carbonation and nondestructive testing selection criteria is of particular
interest in this type of study. A brief survey of the reported cases of concrete bridge
failures and collapses due to corrosion is also reported. The subsequent sections report
the Materials and Methods, as well as the experimental results. An overall global,
diagnostic view of the investigated elements is elaborated on, based on the results. Finally,
the evidence gained in this case study allowed for considerations on the hierarchy of
reliability in the employed diagnostic methodologies.

Research Aim

The present research is aimed at finding a compromise between scientific research
and engineering practice adopted during on-site tests for the assessment of the
degradation of concrete structures and of their residual service life. The procedure for the
inspection of prestressed bridges recommended by the US National Highway Research
Programs [1,2] was accordingly accounted for.

Non-destructive measurements and partially destructive sampling supplemented
the visual inspections in order to gain a suitable level of structural knowledge.
Nondestructive tests also permit the combination of methodologies that differ by
reliability and invasiveness, as well as allow a reciprocal assessment and a possible
corroboration of test results that are garnered from different methodologies.

In consideration of available expertise and instrumentation, potential mapping field
measurements were chosen as non-destructive measurements. Extraction of drilling
powders, concrete cores sampling, and cutting of reinforcing bar samples were included
as partially destructive tests. According to common practice by owners of RC
infrastructures, two core samples for each structural element were performed. The
uncommon opportunity of being able to cut rebars samples was possible due to the
fortunate circumstance that the structural elements were not put into service. This
requirement is highly valuable for scientific research.

2. Concrete Bridge Failures and Collapses Due to Corrosion

Only one serious case of corrosion in a prestressed bridge (the Hood canal bridge in
the state of Washington) was found by analyzing reports of failures and collapses in
prestressed concrete bridges that have occurred in the United States (US); no cases of
catastrophic failure of prestressed bridges were reported up to 1970 in the US [1].

The failures of 823 US bridges in the period 1950-1991 are reported in [3], but only
36 were due to deterioration. A study of US bridge failures between 1980 and 2012 [4]
reported 71 bridge collapses that were ascribable to environmental degradation, which
amounted to 6.7% of all examined failures.

An analysis of over 500 bridge structures failures in the US between 1989 and 2000
[5], based on information collected by the New York Department of Transportation,
reported 43 collapses attributed to deterioration, 14 to degradation of the bridges’ steel
components and 6 cases that were directly related to steel corrosion. Notably, among those
failures attributed to deterioration, only one case was reported as “concrete-corrosion”.
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3. Guidelines for Assessing the Concrete Degradation in Prestressed Elements

Most research on the deterioration of RC structures focuses on cast-in-situ concrete,
with minor attention to precast structures [6]. Several international standard codes
provide indications on the tests to be performed and guidelines for monitoring, but few
specifically deal with corrosion in precast and prestressed concrete structures. Although
quite dated, a fundamental study is the NCHRP Report 90, which summarizes the large
amount of scientific and engineering knowledge accumulated up until 1970 [1]. This
report indicated that the designed campaign for degradation assessment in prestressed
concrete should include a visual inspection in search for rust staining of concrete,
longitudinal and transverse cracks, and for deterioration symptoms.

The NCHRP “Report 140” on the durability of prestressed concrete for highway
structures [2] comprehensively scrutinized many available methods for detecting
deterioration and recommends careful visual inspection by trained observers as the most
cost-effective activity. Selective coring and impact hammer readings are recommended
for concrete strength measurement. Among several test methods, the employment of
potential measures on a small grid is suggested, considering their inexpensiveness and
reliability. Direct observation and interpretation of the potential measure by exposing the
prestressing steel at carefully selected locations are finally recommended. For
completeness, it has to be highlighted that reliability of half-cell potential measurements
is not unanimously agreed upon. For instance, fluctuations of potentials between active
and passive levels have been observed over weeks, as reported in [7].

A recent US document is ACI 562-16 (code requirements for the assessment, repair,
and rehabilitation of existing concrete structures) [8]. It specifies that structural
evaluations should include visual observations, as well as destructive and nondestructive
testing (NDT). It also specifies: “the licensed design professional should determine the
appropriate number and type of testing needed to evaluate the existing conditions”,
following ASTM C42 [9] and ASTM C823 [10]. The availability of the original structural
design, the type of structural system, the desired accuracy, and the quality and condition
of the in-place structural material influence the minimum number of tests. ACI 222.2R-14
[11] for the corrosion of prestressed steel and ACI 364.1R-07 [12] for the evaluation of
concrete structures before rehabilitation are referenced.

Part 3 of Eurocode 8 (EC8-3) [13] specifically concerns the assessment and retrofitting
of existing buildings, dealing with the design of structures for earthquake resistance. It
contains no specific consideration of corrosion apart from a single mention of the necessity
of carefully examining for steel corrosion. The code defines the minimum requirements
for different levels of inspection and testing. Such minimums are disconnected from the
structure peculiarity, but the code indicates two material samples per floor as a number
sufficient to achieve “an extended level of inspection and testing”. EC8-3 also specifies
that three cored samples allow the achievement of a “full knowledge” level (KL3). ANAS
Italian guidelines report similar indications, under the condition that the strength
coefficient of variation is lower than 10% [14]. In the presence of deicing salts, or when the
distance from the marine coast is less than 5 km, ANAS guidelines recommend the
measure of chloride content.

The Italian Building Code [15] introduces a service limit state of corrosion directly
related to environmental exposure. Prestressed reinforcement is defined as a corrosion-
sensitive reinforcement, while ordinary reinforcement is defined as a low corrosion-
sensitive reinforcement. The corrosion of steel reinforcement is related to the class of
environmental exposure, irrespective of any other factor, such as concrete quality. For
concrete durability, tests to evaluate the resistance to penetration of carbon dioxide and
chlorides are mentioned before water penetration tests. Pressurized water tests (UNI EN
12390-8 [16]) are indicated as an option. The possibility of resorting to imbibition tests in
the absence of pressure is not mentioned. No noteworthy specific strategy for the
inspection of corrosion in concrete structural elements is reported.
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The Guidelines and Technical Instructions issued by the Italian Higher Council of
Public Works [17] attribute higher reliability to strength measurements obtained from
core sample tests, since the direct measure of strength does not require a correlation for
data interpretation. A similar consideration applies to the detection and measurement of
possible deterioration and oxidation signs. Direct visual inspection of cored concrete in-
ternal surfaces and cut steel rebar cross-sections are awarded the credit of golden standard
in the measurement of possible deterioration and oxidation signs, i.e., are assumed to be
primary source of evidence for engineering and scientific appraisal of deterioration (hier-
archically, in the set of measures). The guidelines introduce a range in the number of core
samples needed for the determination of structural strength, which does not depend on
the volume of cast concrete of the inspected structure.

4. Causes of RC Structures Deterioration

4.1. Some Divergencies between Past and Present on RC Durability

In the middle of the last century, the most common perspective was that corrosion
protection could be achieved and that significant long-term structural problems were not
expected for properly designed and cast concrete (with an adequate chemical composi-
tion). This general opinion is supported, for unreinforced concrete structures, by the state
of conservation of ancient Roman constructions such as the Pantheon [18]. For RC struc-
tures, this perspective has been supported by research on the long-term prediction of the
engineering life of underground structures for the storage of nuclear waste [19,20]. The
worst projection by Atkinson et al. (1985), for the engineering service life of a 1 m thick
RC section made of ordinary Portland concrete, is longer than 180 years, under consider-
ably severe exposure to sulphate attack by underground waters. The engineering service
life is defined by this author as the timeframe in which the condition of load-bearing ca-
pacity is reduced by a factor of two. For sulphate-resisting cement, the same authors esti-
mate this lifetime prediction to increase to 700 years. A remarkably high lifetime, ranging
between 900 and 3000 years, is also reported for protection against rebar corrosion, alt-
hough the much lower presence of oxygen in underground conditions should be consid-
ered [19].

Field observations in the USA of existing marine aboveground structures subject to
environmental exposure to oxygen, carbon dioxide, and chlorides, as well as a three-year
experimental campaign by the Texas Highway Department, carried out in the past cen-
tury, clarified that the ability of concrete to inhibit steel corrosion is essentially granted by
its water-tightness and its ability to hinder oxygen penetration [1,21,22]. In particular, con-
cerning exposure to chlorides, a complete protection against corrosion after a three-year-
long exposure to daily spraying with a 3% NaCl solution was shown in [22] for concretes
having a low water/cement ratio, appropriate consistency, and enough concrete cover.
This perspective is also confirmed in pre-1980 reviews and manuals in the European Com-
munity on concrete technology and applications (see, e.g., [23,24]). In a 1973 publication
by the “Commision Belge du Béton Armé” [24] it can be reassuringly read, for instance,
“L’expérience prouve qu’il n’est pas difficile de protéger les armatures de la corrosion par
I'eau de mer”.

The NCHRP report [1] demonstrates that the complete absence of corrosion is highly
probable for bridges in service of 50 to 100 years in chloride-free situations (e.g., in non-
coastal areas and where de-icing salts are not used). Even in situations of chloride expo-
sure, the excellent condition of a steel fragment in a pile that was exposed for 14 years to
twice-daily immersion in water with a high chloride concentration demonstrates that
long-term protection is possible. Although the chlorides eventually reach the steel, inter-
esting empirical evidence shows that the corrosion will not occur if oxygen does not reach
the surface of the steel. Voids, cracks, or local differences in concrete permeability to oxy-
gen are key corrosion-promoting factors. Therefore, in [1] it was concluded that even in a
chloride environment, long-time corrosion-free service should be attained for prestressed
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concrete bridges and that highway bridges were expected to have a service life of 75 years
or more.

A 20% increment of concrete compressive strength was found by destructive testing
on samples that were extracted from two bridges in Italy built between the First and the
Second World War: the Cardé Bridge (notably, the first RC bridge crossing the Po river),
and the bridge of Montaldo Roero [25]. Such an increment can be customarily explained
by extrapolating the strength vs. time measurements obtained during the first 28 days
after concrete casting.

However, when this perspective of achievable protection against corrosion and con-
crete degradation (emerging from the above-quoted studies of the seventies and the eight-
ies of the past century) is compared with the statements that are reported in several works
published after 1980, a controversial picture is gained. Post-1980 scientific reports and
technical documents [26-28] give a great emphasis to the reduced service life of RC struc-
tures in relation to bar corrosion and carbonation. In several papers, carbonation is re-
garded among the primary detrimental factors responsible for the corrosion of bars and
the reduction of the service life of concrete structures [29-32], while many others investi-
gated the reduction of the strength capacity of RC structures due to corrosion (see, e.g.,
[33-36]).

Such a post-1980 increased attention towards the role of carbonation as a significant
corrosion-promoting factor conflicts, however, with the past view of a relatively marginal
concern towards carbonation. Even more recently, Collepardi [37] observed that: “the car-
bonation process in the total absence of chlorides appears to be only a necessary, yet not
sufficient, condition to trigger the corrosion process in concrete steel reinforcement. Cor-
rosion appears to be instead strongly affected by environmental humidity beside oxygen
availability”.

4.2. Considerations on the Reliability of Nondestructive Techniques for Corrosion Measurement
in Concrete-Embedded Steel Bars

Controversies between present and past research trends can also be found concern-
ing the techniques that are preferably selected for measuring corrosion in embedded steel
reinforcement. After 1980, resorting to indirect non-destructive measurements of corro-
sion rates by electrochemical methods, such as half-cell potential and linear polarization
measurements [38-40], has increasingly replaced other inspective methods that have been
recommended in the past. Concerning corrosion detection by electrochemical methods,
the risk that emerged in early laboratory studies, which have shown that limitations exist
in the employment of electrochemical techniques, when they are not supported by other
measures and observations [41], deserves to be mentioned. The Authors of this study
warn that even in a highly electronically controlled laboratory set-up, experimental error
and uncertainties that affect electrochemical methods can lead to the rejection of a material
which is capable of fulfilling its engineering service life. This consideration may raise con-
cerns about the reliability of on-site electrochemical measurements, which, as a norm, are
performed under significantly less-controlled conditions, as well as changing environ-
mental factors.

5. Materials and Methods
5.1. Tested Elements

The close-up inspection of three precast RC elements was carried out, together with
partially destructive and non-destructive tests. The elements were selected from lots of
different structural typology: one squared cross-section column (labeled “C” and shown
in Figure 1), one prestressed omega beam (labeled “B1” and shown in Figure 2), and one
prestressed T-beam (shown in Figure 3 and labeled “B2”).
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Figure 1. Precast RC squared column “C”; red circles show the location of coring sites; the red square
shows the location of the extraction site of the parallelepiped-shaped diamond-cut sample.

Figure 3. Prestressed RC-T-beam “B2”; red circles show the location of coring sites.

The elements belong to undelivered lots that were stored in the open air during a
period ranging between 14 and 20 years. Data on the design concrete strengths (Rc) and
years of casting are reported in Table 1.

Table 1. Year of casting and design concrete strength of the studied elements.

Element Code Element Description Year of Casting  Design Rc (MPa)
C Precast RC Column 2000 45
B1 Prestressed RC Omega beam 2006 45

B2 Prestressed RC T-beam 2004 45
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5.2. Site Environmental Conditions

The structural elements were stored outside the prefabrication plant. The plant is
aside the northern bank of the Volturno River, in front of Alifano peak in Caiazzo. Col-
umns “C” and beam “B1” were on the northwest side of the plant, while beam “B2” was
on the southeast side.

Pluviometric and temperature records for the Caiazzo site, as well as other weather
parameters, recorded from 2000 to the date of inspection to the site were found to fall
within regional averages. The average precipitation recorded is 850-900 mm, with precip-
itation concentrated during the winter season. The prefabrication plant is in an area
where, apart from one proximal heavy truck-parking site, no significant pollution factors
or CO:z emissions of industrial or urban origin are found. In consideration of the pluviom-
etry data, of the condition of the elements of being directly exposed to weathering actions
with bottom surfaces lying in direct contact with the ground, and in consideration of the
absence of knowledge of possible chloride sources, the attributable exposure class, as pre-
sumable before inspection, according to Eurocode 2, Part 1, [42] is to be selected among
the exposure class XCO0 (reinforced concrete in very dry conditions) and the exposure clas-
ses XC1-XC4 which EC2 relates to a presumable risk of corrosion induced by carbonation.

5.3. Testing Methods
The activities carried out comprised:

e  visual inspection of the elements, with an appraisal of concrete cover depths;

e  assessment of the deterioration of concrete and steel;

. extraction of concrete core samples, according to [43];

e  visual inspection of the drilled surfaces;

e  visual inspection of the core samples and possible oxidation evidence;

e  phenolphthalein assays over core external surfaces according to [44,45] by spraying
1% ethanol solution;

e additional phenolphthalein assay over the concrete cover surfaces, obtained by chisel
splitting of a parallelepiped-shaped diamond-cut sample, according to [44,45];

¢  phenolphthalein assay of powder samples, obtained by drilling, according to Car-
bontest® method [46—48];

e  compressive strength tests carried out in a certified laboratory, according to [49,50];

e corrosion rate mapping performed by a half-cell potential method, using a
CU/CUSOs counter electrode, according to [51,52].

6. Tests and Results

6.1. Visual Inspections

The tested elements were in a good state of conservation, except for expectable
brownish signs of oxidation visible over the steel surfaces which were directly exposed to
atmospheric agents. Cracks, which revealed concrete spalling and delamination, were vis-
ible in very circumscribed regions of the tested elements. The limited extent of spalling
was verified in one of these regions by hammer blows that produced forced concrete cover
delamination (see Figure 4a). The percentage of surface extension of the degraded regions
over the total area of visible exposed surfaces was assumed, with a reasonable safety mar-
gin, lower than 2% (see Figures 1 and 4a). The resulting debris (as shown in Figure 4b)
revealed a concrete cover about 1 cm thick. After the first visual inspection alone and
based upon on-site environmental conditions, the concrete surface of the elements was
deemed to be classifiable into either the EC2 exposure class X0 (falling within the denom-
ination “No risk of corrosion or attack —concrete with reinforcement or embedded metal:
very dry”) or into any of classes XC1-XC4 (falling within the denomination “Corrosion
induced by carbonation”).
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Figure 4. Spalling in column C after struck by hammer (a), detached cover due to hammer strike

(b).

6.2. Core Sampling

Core sampling was performed in compliance with the Italian standards UNI EN
12504-1/2002 [43]. The size of the samples was selected, as recommended, in due consid-
eration of the aggregates’ size and structural element geometry. Core samples of diameter
10.4 cm were extracted from column “C” and beam “B2”, while a sample of diameter 7.0
cm was extracted from the beam “B1”. The cored length was 14 cm or longer. From each
structural element, two cores were extracted. Figures 1-3 show the position of the ex-
tracted cores by red arrows and dots.

Figure 5a shows the core-drilling device. Each core was labeled after extraction with
a univocal code: C1 and C2 for column C, B1_1 and B1_2 for beam B1, and B2_1 and B2_2
for the second beam. Each specimen was photographed next to the relevant extraction
site; Figure 5b shows sample C2.

The lateral surfaces of the cored samples showed uniform concrete compaction and
a well-sorted grain size distribution. Remarkably, no visually perceivable corrosion was
detected across the cut surfaces of the bars in all the extracted samples, as Figure 5c shows
for a core sample from column C.

Figure 5. Core drilling C1 (a); sample C2 (b); visual inspection of cores (c).
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6.3. Mechanical Tests

The cylindrical samples were cut and ground into smaller specimens of height-to-
diameter ratio H/D equal to 1. The compressive tests were performed according to UNI
EN 12504-1/2002 [43]. The compressive strength was subsequently determined following
the British Standard EN 12504-1, 2009 (BS), the Italian National Building Code, 2018
(NTC), the American Concrete Institute 214.4R-10, 2010 (ACI), the UNI EN 13791, 2007
(UNI EN), and the Concrete Society, 1987 (CS) [15,53-56].

Table 2 reports the raw data from the compressive strength tests (diameter ¢, height
H, and density p). The density of the B1 and B2 concrete is slightly different and the vari-
ability characterizing the properties of concrete can explain such a difference due to dif-
ferences in the aggregates (type and grain size), even with the same compressive strength.

Table 2. Data related to compressive strength measurements.

H Breaking Load
Specimen mq)m mm K g?m3 kl\gI
C1 104 104 2275 326.49
2 104 104 2259 386.50
B1_1 70 70 2487 150.87
B1_2 70 70 2613 179.01
B2_1 104 104 2279 302.10
B2_2 104 104 2257 253.75

Table 3 reports the cubic strength values resulting from the data of Table 2, as pro-
cessed according to the five considered standards. Cores from beam B2 provided lower
and more dispersed results, but these were within the variability that usually character-
izes the strength of cores that are extracted from existing structures [17,57].

Table 4 compares the mean cubic strength that is provided by core samplings (com-
puted as the average of the ten concrete strengths as provided by the five standard codes
for every structural element) with the design cubic strength (retrieved from the technical
documentation of the prefabrication lot). The coefficient d of Table 4 is the percentage
variation between the mean strength from testing and the design strength.

Table 3. Concrete strength according to international standard codes (MPa).

Specimen feore BS [53] NTC [15] ACI[54] UNIENI[55] CS [56]
C1 38.43 42.60 40.74 43.38 45.22 37.05
C2 45.50 50.43 48.23 51.53 53.53 43.85
B1_1 39.20 43.45 41.56 45.79 46.12 37.79
B1_2 46.52 51.56 49.31 54.52 54.72 44.83
B2 1 35.56 39.42 37.70 40.08 41.84 34.28
B2 2 29.87 33.11 31.66 33.58 35.14 28.79

Table 4. Mean strength from core sampling vs. design strength.

Structural Mean Cubic Strength from Cores  Design Cubic Strength o
Element MPa MPa %
C 45.65 45 +1.44
Bl 46.96 45 +4.36
B2 35.56 45 -20.98

Table 4 shows, only for beam B2, a negative percentage variation between the
strength values obtained from testing and the design strength. In addition, the compres-
sive strength of beam B1 shows a certain increment, despite the smaller diameter of the
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specimen. If general conclusions are to be sought, to the authors’ advice, the data and
evidence gained only permit the exclusion of quality issues for the concretes of column C
and beam B1. The number of strength tests performed is deemed insufficient to assess,
with suitable confidence, the existence of a quality issue related to the concrete mix of
beam B3 or to conclude a possible appreciable size effect of the core dimensions on com-
pressive strength. It should be also remarked that controversial statements can be found
in the literature concerning a favorable [58,59], unfavorable [60,61], or irrelevant [62,63]
effect of core specimen size over strength. ACI214 2010 [54] recommends the careful align-
ment of the specimen in the testing machine when cores of smaller diameters are tested.

6.4. Carbonation Tests

Measurements of carbonation depth are obtained through colorimetric assays for de-
tecting whether, in some areas of the specimen, pH has eventually dropped below a
threshold of 9.2, over the years. These tests were carried out immediately after coring, on
each one of the six core samples, by spraying a nebulized 1% phenolphthalein solution in
ethanol over the sample surfaces (phenolphthalein test).

Figures 6-8 contain photographs of the core samples before and after phenolphtha-
lein spraying. In four out of the six sprayed cores, the assays failed to detect a neutraliza-
tion front. Only two samples (B1_1 and B1_2 extracted from the prestressed omega beam)
showed neutralization with carbonation depth (at pH approximately below 9.2) ranging
between 10 mm and 20 mm.

In the first stage of the experimental campaign, the absence of the detection of the
carbonation front in four samples was explained by the relatively short life of the selected
structural elements. Two possible additional hypotheses were the following:

—  the storage area of the beams is located near the bank of the Volturno river and is a
considerably humid site; therefore, since the higher the humidity, the slower the
transport of gaseous CO2, due to the saturation of the pores by water [64], humidity
may have slowed the penetration of CO2 through the concrete cover [65].

— although beam B1 is younger, it could have been cast with a concrete composition
that may have favored carbonation.

(b)

Figure 6. Samples C1 (a) and C2 (b) after phenolphthalein spraying.
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(b)
Figure 7. Samples B1_1 (a) and B1_2 (b) after phenolphthalein spraying.
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(a) (b)
Figure 8. Samples B2_1 after phenolphthalein spraying (a) and sample B2_2 before spraying (b).

In a second phase, a further test according to the UNI 9944 standard was considered
necessary. A sample C3 of approximately parallelepiped shape and with the approximate
dimensions of 11 x 12 x 5 cm was extracted from column C at one of its upper lateral edges
by making four planar surface cuts, using a rotating diamond disc, as shown in Figure
9a,b. Under the UNI 9944 standard, the sample was then divided into two halves using a
chisel and hammer, after having made a superficial incision on the face of the sample that
was opposite to the upper face exposed to atmospheric agents. The split surface thus pro-
duced was substantially free of dust and, with good approximation, was orthogonal to
the surface of the concrete cover, therefore, the phenolphthalein test was carried out. After
1% phenolphthalein spraying on these surfaces, the appearance of a neutralization front
was observed, which delimits the pH 9.2 limit between purple shades and the absence of
visible shades. It was carefully verified that this front did not belong to the pilot cut sur-
face, and was quite far from it. It was also verified that the surface areas containing this
face were all free from any deposits of cement dust that resulted from the diamond cuts.
As shown in Figure 9¢, the neutralization strip was substantially parallel to the surface of
the concrete cover. The average measured depth of this zone was d, = 6 mm, and its max-
imum value was dj, 14, = 9 mm. This last test is preferable to the previous ones, since it
offered a less disturbed testing surface, although very often the number of cores/speci-
mens that can be extracted from the same structural element is limited.
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Finally, two additional neutralization phenolphthalein assays of the concrete pow-
ders, flowing out from two sample percussion drillings made on column C, were collected
into test tubes, and were performed according to the Carbontest® method, employing the
specific commercially available instrumentation [39,40]. The device comprises an annular
head with a circular brush, fitted with a funnel that directs the powder coming out during
perforation down into a vertical, transparent test tube. The test tube is devised to facilitate
the infiltration of the collected powder by phenolphthalein solutions for neutralization
assays. Measured drilling depths were: p,yowg,1 = 40 mm for the first sampling and
Ppowa,z = 35 mm for the second one. The respective depths of the dust layers deposited in
the test tubes were hy, 4,4, = 30 mm and Ay, = 25 mm. The tests on the CLS powder
samples were carried out by adding the same phenolphthalein reagent solution into the
two test tubes and then waiting for the time required for the complete imbibition of the
dust layers. The measured depths of the carbonation front in the two dust samples were
Ak powa,1 = 17 mm and dy, powa,1 = 15 mm. Figure 9c shows altogether the pH 9.2 neutrali-
zation fronts in both the split specimens and the two test tubes. Notice that the vertical
support base of the test tubes is placed 7 mm below the bottom of the powder container.

(@) (b)

4
8 .9 10;

3

2. 3-4 8§ & 7

Figure 9. Additional neutralization assays in column C. (a) bottom view of specimen C3; (b) lateral
view and extraction site; (c) neutralization fronts after phenolphthalein addition over the two split
fragments of specimen C3 and across the drilling powder in test tubes.

The first three columns of Table 5 collect all measures related to the powder assays.
The fourth column reports the ratio dy powa/dk, confronting the depth of the neutraliza-

tion front, which was measured from powders, against the golden standard depth d,

a
measured on the split specimen C3. The fifth column reports the quantity % =
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di powd Ppowd

. X == where dy o5t powa 15 the estimate of the neutralization depth in sample C3,
powd k

as presumed from the data on the powders, assuming a linear correlation factor between
the powder stratigraphy and the corresponding stratigraphy in the concrete solid mate-
rial.

Table 5. Depth measures related to neutralization assays of drilling powder.

dk powd dk powd ppowd
Test Tube ppowd h'powd dk powd dk hpowd X dk
[mm] [mm] [mm] [%] [%]
1 40 30 17 283% 378%
35 25 15 250% 350%

The integrative tests on sample C3 suggest that the failure to detect a neutralization
front in cores C1 and C2 may be explained by an alteration in the external surface of these
cores, due to the deposition of concrete powder ensuing from coring. The neutralization
assays on the drilling powders by the Carbontest method provide further evidence of the
presence of a carbonation front; however, it has to be emphasized that with this latter,
indirect method, the brute depths of the carbonation fronts in the two dust samples (where
brute refers to the absence of the application of corrective correlation factors) are in ratios
of 283% and 250% with the golden standard measure d; of the neutralization front which
was directly observed on sample C3, therefore, an overestimation by a factor greater than
2.5 should be taken into account. A magnification by an approximate factor of 2 between
the real thickness and the powder thickness has been also indicated in [39,40], concerning
the instrumentation and measurement parameters therein employed.

6.5. Corrosion Potential Mapping

Corrosion potential mappings were performed according to ASTM C 876-15 [51], and
the recommendations in [38], using a copper/sulphate copper [Cu/CuSO4] electrode. This
non-destructive test comprises measurements of the potential difference between a rein-
forcing bar within concrete and the reference electrode placed on the concrete’s surface.

Figure 10 shows the values of the measured corrosion potential over the three ana-
lyzed structural elements. Background colors emphasize data according to the following
chromatic scale: colors from light green to red highlight potential values in the range from
—200 mV to —-350 mV (vs. Cu/CuSO4), green shades emphasize values higher than —200
mV, while colors increasingly shading to red concern values lower than —=350 mV. These
data are interpreted as follows: values higher than —200 mV denote an absence of corro-
sion, values in the range (200 mV, -350 mV) indicate an increased probability of corrosion
initiation, while values lower than —350 mV are representative of corrosion initiation.

Corrosion Potential Vs Cw/CuS, (Values n mV)
Column C

222 -252f  -236] 244  -261
Beam 1

245 260 255|284 277
Beam2

267 254 -278] 3000 243

Figure 10. Potential values measured over the structural elements (meaning of background colors
is described in the main text).
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According to these criteria, the five measured values can be interpreted as indicative
of minor corrosion initiation processes. Measured potentials were affected by variations
in the concrete cover thickness. It is remarked that some degree of arbitrariness is found
in the literature concerning the precise definition of the thresholds of the criteria.

7. Discussion

The elements of evidence gained in the present campaign contribute to the discussion
of two main issues concerning the assessment of degradation and the service life of precast
concrete elements: (a) the hierarchy of the diagnostic reliability of the testing and inspec-
tion activities deployed by the campaign; (b) the ability of concrete structures to comply
with their design service life, against some elements of divergence highlighted in Section
4.

7.1. Reliability Hierarchy of Testing and Inspection Activities

The main conclusion is that core sampling, with a visual inspection of embedded
bars, can be identified as a diriment golden standard for the diagnosis of degradation in
concrete and steel reinforcement. In the absence of core sampling, a reliable assessment of
the durability and expected service life would be much more difficult and affected by
controversial elements for their judgment. Besides, the proper calibration of the methods
employed which have lower invasiveness, such as powder neutralization assays, would
not be possible. As shown by the data in Section 6.4, in the absence of visual inspection
and direct determination of the depth of neutralization in chisel-cracked surfaces, there
would have been an average overestimation of 300% of the presumed carbonation depth
from the dust assays alone. According to the common misconceptions that corrosion is
only caused by carbonation, this last condition would have led to the conclusion of prob-
able corrosion of the reinforcements and, therefore, is an unrealistic forecast of advanced
degradation.

A similar consideration can be drawn, regarding potential measurements by half-cell
methods, for the recognition of the existence of some arbitrariness factors, in the light of
studies reported in [1,2,9]. The NHCRP 140 report warns that “none of the non-destructive
methods are suitable for identifying corrosion” [2] and the risk of discarding a material,
capable of functioning for its entire engineering useful life, has been emphasized in [41]
when only electrochemical measurements are performed in a test campaign.

Consequently, potential measurements should be employed in a diagnostic cam-
paign on RC durability only if they are combined with inspection and testing techniques
of a superior degree of diagnostic insight. Under this provision, electrochemical measure-
ments are recommended in [2] as a rather inexpensive tool for structural anamnesis and
degradation diagnoses when employed by trained experts for locating possible anodic
and cathodic areas, as previously shown, for instance, in 1957 when discriminating among
possible factors that caused corrosion in the San Mateo-Hayward Bridge [66].

7.2. Service Life: Past and Present

Based on the evidence garnered on the state of conservation of the materials and
structures that were investigated in this study, and on previous experience with the du-
rability of real concrete structures, accelerated laboratory tests, and field experiments
[22,67], a simple preliminary quantitative verification is hereafter proposed of the ability
of structural elements to comply with a conventional presumable design service life of 75
years.

This verification identifies the useful engineering service life as the time required to
reduce the original load-bearing capacity to 50%, following conventional methodologies
that have already been employed for considerably more extended time projections, in the
service of nuclear waste repositories [19]. The extended time-window for the verification
of 75 years was selected, since it appears as a lower bound of the expected useful service
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life for highway bridges, as mentioned in the NCHRP Report 90 [1]. The rationale behind
this 75-year threshold is not exposed in the NCHRP 90, although it appears to be custom-
arily accepted, as a lower bound. Furthermore, an empirically estimated 70-year lower-
bound value for the deterioration of concrete bridge substructures can be traced back to
Beaton and Stratfull [68] who associated it with the minimal presence of environmental
chlorides.

The element selected for the verification is column C. The absence of appreciable
damage on the longitudinal steel reinforcement, as well as the detection of only a very
limited reduction in cross-section (due to concrete spalling), lead to the choice of compu-
ting the cross-section resistance in consideration of only the geometrical reduction of the
concrete cross-section.

The column has a square section of side I, = 50 cm. Bending resistance modulus and
inertia moment at initial service conditions are denoted by zero subscripts: W, = 3 /6 and
Iy = 13/12. The 2% upper bound of extension of the damaged cover is examined. An upper
bound of the linear extension of such delaminated regions onto the perimeter of the cross-
section of the column can be conservatively set to 5%. Moreover, conservatively arguing
that the ground face of the column, which was the only uninspected face, has the same
degree of damage, a 10% aliquot of damaged cross-section perimeter is obtained. A fur-
ther strong conservative assumption implicitly introduced in this 10% reduction is that
such a 10% reduction of concrete cover characterizes the entire length of the column.

The flexural performance of the column at time zero can be measured by the initial
working-stress moment, M, = Wyo,,, with g,y being the design working stress. The
strength parameter measuring the axial load performance which is mostly affected by the
cross-sectional reduction is the Eulerian critical buckling load, whose time zero value is
denoted by the symbol N,,. The specific constraint conditions of the column can be disre-
garded, expressing the dependence of N, upon the square section geometry through a
proportionality to the initial moment of inertia I,. This proportionality, as well-known, is
provided by N,y « E.ly = Eol¢/12, and entails dependence on the fourth power of the
side length. Moreover, the absence of quality issues in the column concrete (f;,.. shows a
1.44% increase, see Table 4) allows one to conservatively adopt an unaltered value over
time for the working stress, 0,=0,y, and the Young modulus, E.=E_.

Based on the largely conservative hypotheses introduced above (resulting in a 10%
incidence of the damaged subset of the section perimeter), and on the upper bound of 1.5
cm for the concrete cover depth lost due to delamination, a “smeared”, conservative lower
bound of the edge length I,, of the damaged cross-section at the time of inspection (20
years) is computed as:

l l
Laount = 2 X [0-9 X (50) +0.1 x (50 - 1.5)] = 49.7 cm. (1)

Subscript unl is added in (1), and hereafter, to denote quantities relevant to the un-
loaded condition, actually experienced by the column. This conservative estimate allows
the computing of the following moment ratio for the unloaded column:

3

) =98.2%

Mzo,unl. _ WZO,unl.JCZO S <l20,unl.
M, Wooeo

ly
Under the realistic assumption E,, > E, the computation of buckling load leads to:

4 4

Noo,unl. E l l

c20 — c20 < 20,unl.> > ( 20,unl.> - 97.6%
NCO ECO lo lo

The projection to 75 years is thus obtained considering a power-law extrapolation:

75/20
> 0.976%75 = 91.29% (2)

Nc75,unl. _ (cho,unl.)
NcO NcO
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To extend the condition of the 20-year-old specimens, left on the ground, to an equiv-
alent precast element that is additionally subjected to dead and live loads, experience with
the durability of real concrete structures, accelerated laboratory tests, and field experi-
ments recorded in NCHRP 101 [67] and by the Texas Highway Department [22] can be
employed.

The effect of static and cyclic bending loading on the freeze-thaw and corrosion du-
rability of concrete bridge decks (which were replicas of portions of actual bridge deck
slabs) was observed and quantified in [67] in terms of dimensionless damage ratings.
These damage ratings are compared with the corresponding ratings attributed to un-
stressed structures. The comparison of loaded and unloaded specimens revealed that, alt-
hough stress affects freeze-thaw durability and has a certain influence on the scaling of
surface mortar, its effect is not dominant.

It should also be noted that the observed differences in the behavior of some sub-
series prevented the use of statistical methods of data analysis. Furthermore, the survey
could not observe significant corrosion during the observation period (three winters)
when the elements were exposed outdoors. However, the study could explain important
issues regarding the contribution of load during the damage assessment, such as the ten-
dency of static tensile stresses to accelerate the scaling rate, and the propensity of com-
pressive and biaxial static stresses to slightly retard the scaling development.

The main conclusions of NCHRP 101 are the statement: “although stress appears to
influence somewhat the rate of development of surface scaling, it is not a primary factor”,
as well as indicating the identification of the physical characteristics of surface mortar and
aggregates as the primary influential factors for deterioration [67].

To extend the conservative lower limit determinations of Equations (1) and (2) to
loaded samples, an upper limit worst-case pejorative coefficient can be extracted from the
full set of 80 detailed damage records reported in [67]. These data are presented in terms
of damage parameters plotted vs. the number of freeze—thaw cycles (see Figures 23-102
of [67]) under different loading conditions (cyclic/static, tensile/compressive, uniax-
ial/flexural/torsional).

The highest possible damage amplification coefficient, «_iud, retrievable from the full
data set, relevant to the repercussion of loading addition on the damage ratings, is ob-
tained from the sub-series “B8 —uniaxial stress” (see Figure 30 of [67]), and corresponds
to the value a_iaa=5.2. Such a highest penalty factor conservatively bounds the effect of
any loading, in terms of the percentage of concrete cover loss. The extremely conservative
upper-bound rationale, in the adoption of the value a = 5.2, disregards the considera-
tion of any further reassuring evidence which also emerged from the campaign reported
in [68]: in this paper, only 52% of the static tension tests showed ratings of scaling higher
than those of the unstressed specimens. This implies that, in 48% of the comparisons be-
tween the extent of damage relevant to the loaded conditions and in the unloaded condi-
tions, the damage level was either unaltered or even obtained a beneficial effect by load-
ing.

These data are supplemented by the records of [22], which concern the role of loading
in the corrosion of RC structures. The four-year accelerated corrosion research program
investigated the effect on both loaded beams and unfilled slab samples, using relatively
severe salt spray exposure to promote corrosion in many samples. A wide range of exper-
imental parameters were considered, such as the concrete quality, the level of steel stress,
concrete cracking and prestressing, the location of steel and concrete, exposure, and the
loading conditions. The conclusion of the program was: “in general, only slightly more
corrosion occurred on the stressed bars as compared to the unstressed bars of flexural
beams” [22]. Furthermore, as far as the effect on corrosion is concerned, even at very high
steel stresses of 248 MPa, minor importance can be attributed to the role of loading in the
enhancement of corrosion; they report indeed: “Only a slight increase in corrosion re-
sulted as a consequence of stressing the beam reinforcement through flexural loading.
These observations indicate that the existence of stresses in the reinforcing bars (up to 36
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ksi) and the flexural cracks produced by these stresses were of less importance as corro-
sion accelerating hazards than had been expected” [22].

The considerations above, with the retrieval of the amplification factor a4 = 5.2,
lead to the following computation of an upper bound of the concrete cover loss after 20
years, in the presence of loading and freeze-thaw conditions, expressed in the smeared
form of an equivalent square section length I, :

I !
Loy =2 X [(1 — Qpgq X 0.1) X (5") + Qpgg X 0.1 X (5" - 1.5)] =
3)

l l
=2x [0.48 X (7") +0.52 x (5" - 1.5)] = 48.44 cm.

From this upper-bound determination [,,; = 48.44 cm, the flexural performance re-
duction results to be:

3
Mo, Wai0,10c20 S <lz_01> B (48.44

MO - Woo-co 50.0

3
) = 90.93% @)
lO

and the corresponding performance reduction in terms of buckling axial load is:

4 4
Neoo L Eugo <120 l)“ (zzo l) (48.44)
= —) >\ ={=pg ) =881% ®)
Neo  Eco \ I, l 50.0 °

Extrapolation of Equation (5) from 20 to 75 years leads to:

75/20

N
(%‘”) > 0.881375 = 62.18% > 50% (6)
c0

Nc75,l _
NCO

Despite its exceedingly conservative character, inequality (6) constitutes a formal en-
gineering verification, in terms of upper bounds, of the property that the engineering ser-
vice life of the column exceeds 75 years.

Itis promptly understood that a fundamental engineering constraint for the outcome
of the verification that is exemplified above for the column is the possibility of considering
0. as a lower bound of the strength o, developed along with the service life of the inves-
tigated element. The presence of a quality issue, such as the 20% decrease that emerged
for concrete strength of beam B3, may preclude a positive outcome of the verification. This
final consideration is ultimately a reaffirmation of the importance of the absence of quality
issues in the concrete mix design

8. Conclusions
The main research conclusions are the following:

— A close visual inspection of the structural elements showed what could be expected
for prefabricated structures of twenty years of age. Only the steel surfaces directly
exposed to the atmosphere showed generalized superficial corrosion. The same cor-
rosion was detected in limited superficial regions with an insufficient thickness of
concrete, or where cracks were present. As reported, a conservative upper bound of
the percentage of surface extension of these degraded regions over the total area of
the visible exposed surfaces can be reasonably set to 2%, while an upper bound of
the thickness of the delaminated cover in these regions (see Figure 4b) can be set to
1.5 cm.

—  The concrete surfaces of the cores showed a well-sorted grain size distribution and
adequate concrete compaction, demonstrating evidence of the good quality of the
concrete manufacturing, coherent with the higher quality in prefabricated concretes.

—  No visually detectable corrosion was found in any of the sampled bar segments.

—  Altogether, the neutralization assays showed that the pH 9.2 threshold is far below
the concrete cover thickness, so that the condition of pH lowering, deemed to be a
necessary condition for bar corrosion, is not achieved. Such evidence is coherent with
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the big picture that came from the direct visual inspection of exposed concrete and
bar surfaces.

—  The high compressive strength of the concrete can be considered indicative of an ad-
equate design of the concrete mix and of the adoption of a sufficiently low water/ce-
ment ratio, capable of granting low porosity and, consequently, water tightness. For
beam B2, the concrete compressive strengths were 21% lower than the design value
that was retrievable from the available technical documentation. Even in this beam
of presumably lower concrete quality, however, no evidence of oxidation was found
across the sampled steel bars.

—  Half-cell measurements led to estimating the absence of interior zones where the cor-
rosion process may be initiated. The measured potentials were affected by variations
in the concrete cover thickness. The existence of some arbitrariness was recognized
in interpreting these measures.

— Neutralization assays of drilling powders have proven to be a much less invasive
alternative when compared to neutralization assays performed on sampled cores.
The importance of calibrating suitable corrective correlation factors, to avoid the
overestimation of neutralization depths, was shown. Such a calibration was made
possible by the availability of sampled cores.

—  Core sampling with a visual inspection of embedded bars can be assumed to be a
diriment golden standard for the diagnosis of degradation in concrete and steel rein-
forcement. None of the non-destructive methods is reliable enough for corrosion es-
timation.

—  Altogether, the performed experimental research confirms a considerable amount of
pre-1980 knowledge: adequate design and manufacturing of concrete cover and con-
crete mixture ordinarily lead to concrete infrastructures able to fulfill a design engi-
neering service life conventionally established in 75 years.
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