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“«

n view of the large societal and economic impact of RC corrosion, there is no doubt about the
urgent need for experts in the field of corrosion of steel in concrete (termed ‘‘RC corrosion
experts’’). Ideally, this group of professionals has profound understanding about corrosion and

concrete materials science that is universal enough to be applied to non-standard situations, i.e.
situations where purely experience based approaches cannot be used. This group of professionals
should also have sufficient background to write codes, standards, and technical rules to ensure
durability for modern and future commercial products and construction technologies, guarantee

proper applications of condition assessment methods, etc. Ideally, these corrosion experts have a

university degree in civil engineering, materials science, chemistry followed by thorough and
prolonged study of a corrosion subject such as in the form of a PhD thesis. The current situation,

however, is that there are only relatively few professionals who had this sort of training.”

(U. M. Angst, 2018)






Summary

Corrosion of steel reinforcements is nowadays considered as one of the leading causes
of the durability and performance reduction of existing reinforced (RC) and prestressed (PC)
concrete structures and infrastructures. Moreover, most of the structural and infrastructural
heritage has already exceeded its service life and has been characterized by evident sign of
deterioration. Concurrently, the effects associated with climate change seriously affect the
durability of the existing heritage by interacting with the corrosion process. Global warming
increases the frequency and the intensity of natural hazards, leading to the rising exposure of
existing structures and infrastructures to severe structural damages, therefore, impacting the
related structural vulnerability.

As a result, the combination of these factors leads to the structural capacity reduction
of existing RC and PC members over time, sometimes causing unexpected failures due to the
lack of bending, shear or anchorage resistance. These latter failures may occur without
warning signs, resulting in a great potential for life losses and causing a significant economic
impact. In this context, several buildings and PC bridges collapses have occurred worldwide,
such as the well-known collapse of the Berlin Congress Hall in Germany and the more recent
failure of the Polcevera Viaduct in Italy. These recent and past events have emphasized the
urgent need for reliable and stringent maintenance protocols as well as simplified analytical
models capable of assessing the residual structural capacity of deteriorating RC and PC
members, making the corrosion topic of great interest among the scientific community. Despite
the possible corrosion forms, in the case of PC members, the chloride-induced corrosion can
lead to the worst consequences, since pitting can cause stress concentration and strain
localization of prestressing wires, generally subjected to initial high mechanical stresses.

Although recent experimental, numerical and analytical studies have been conducted
on RC members, the knowledge on PC structures subjected to corrosion is still uncertain and
scarce. The primary reasons are as follow:

(i) Most of experimental research, concerning the analysis of the residual
structural capacity of corroded members, have been performed by adopting the
artificially accelerated process.

(ii) Few studies have been focusing on the analysis of the longitudinal and sectional

variability of corroded prestressing reinforcements.




(iii)  The scientific literature has revealed a scarcity of models investigating the
residual mechanical behaviour of corroded prestressing strands.

(iv)  Guidelines and codes, dealing with corrosion issues for the assessment of the
residual service life of corroded structures, are not completed and fully
validated.

First, to partially extend the current knowledge, the present Thesis investigates several
naturally corroded PC beams subjected to 10 years of sea water wet-dry cycles. The study aims
to evaluate the influence of corrosion on the residual structural performance. To this end, two
un-corroded PC beam specimens were manufactured with the same type of concrete and curing
conditions and subsequently tested to be a reference for the quantification of corrosion effects.
During the mechanical three- and four-point bending tests, Digital Image Correlation (DIC)
was performed by taking photos at each load step to investigate the displacement and strain
fields evolution of each tested beam.

Second, the Thesis defines analytical constitutive laws for the prediction of the residual
mechanical behaviour of corroded prestressing strands. To this end, 3D models of retrieved
un-corroded and corroded strand samples were obtained by using a structured light 3D
scanner. Afterwards, the sectional and longitudinal pitting morphology spatial variability was
investigated by superimposing the un-corroded and corroded 3D models using the GOM
Inspect software. Furthermore, tensile tests were performed for the models’ calibration. Based
on the experimental findings, two constitutive laws, namely CPS- and SCPS-models, were
proposed to predict the tensile force-strain or stress-strain relationship of a corroded strand.
Although the models are designed on different assumptions, the equivalent spring material
model that reproduces the overall response of a corroded strand as the sum of wire
contributions, which are assumed as springs working in parallel with each other, is adopted.
On the one hand, the CPS-model assumes the cross-sectional loss of each wire as the main
input parameter for the prediction of the ultimate strength and the ultimate strain decay by
distinguishing between three pit type morphology configurations — denoted as hemispherical,
half-moon and planar shape —. The SCPS-model, on the other hand, is a simplified version of
the CPS-model designed for the daily engineering practice and conceived on a single input
parameter that is the maximum penetration depth of the most corroded wire. This model is
independent from the pit type morphology configurations and adopts a unique relationship for
the ultimate strain decay. Furthermore, based on the sectional pitting morphology estimation,

the model attributes a sectional average penetration depth to the remaining external wires via
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a measurement-based-correlation, defined on the basis of the maximum penetration depth of
the most corroded wire.

Finally, an analytical approach for assessing the residual flexural and shear capacity
of corroded PC beams without transversal reinforcement is proposed. The model first quantifies
the instantaneous and time-dependent prestressing losses associated with: (i) the concrete
elastic contraction caused by the strand releasing, (ii) the steel relaxation over time, and (iii)
the rheological effects of creep and shrinkage. Consequently, the corrosion parameters in terms
of (i) average penetration depth of the remaining external wires, (ii) cross-sectional loss, and
(iii) mass loss are calculated based on the corrosion pattern of the analyzed PC beam, estimated
via visual inspection. Specifically, the model assumes the maximum penetration depth of the
most corroded wire as unique input parameter, and defines four different corrosion scenarios.
Afterwards, the SCPS-model is adopted to determine the residual mechanical properties of
corroded strands. Furthermore, analytical models for the evaluation of the transmission length
variation, and the ultimate bond strength decay induced by corrosion over time are introduced.
Finally, the residual flexural and shear capacity of the investigated PC member are determined
via equilibrium and compatibility conditions. On the one hand, a simplified moment-curvature
diagram is proposed for the residual flexural capacity quantification. The Model Code 2010
Level II of approximation expression, on the other hand, is adopted for the shear capacity
assessment of structural PC members without transversal reinforcement, opportunely modified
to account for corrosion effects.

The accuracy and the effectiveness of the proposed models are validated through the
comparison with experimental tests. Moreover, the SCPS-model reliability for the prediction of
the residual mechanical response of corroded strands is evaluated based on the obtained results
and the performed comparisons. In detail, a preliminary partial safety factor for the design
strength of corroded strands is determined following the probabilistic estimation of the SCPS-
model uncertainties. It is worth noting that the recommendations provided by the draft of the
Model Code 2020 are adopted for the quantification of the uncertainties.

To conclude, the main observations, the future research as well as the needed

improvements are outlined.

III



IV



Sommario

La corrosione delle armature in acciaio é oggi considerata una delle principali cause di
riduzione della durabilita e prestazione di strutture e infrastrutture esistenti in cemento armato
(CA) e cemento armato precompresso (CAP). Inoltre, la maggior parte del patrimonio
strutturale e infrastrutturale ha gia superato la propria vita utile ed é caratterizzato da evidenti
segni di deterioramento. Contemporaneamente, gli effetti associati al cambiamento climatico
incidono seriamente sulla durabilita del patrimonio esistente, attraverso [’interazione con il
processo di corrosione. Di fatto, il riscaldamento globale aumenta la frequenza e l'intensita dei
rischi naturali, portando a una maggiore vulnerabilita delle strutture e delle infrastrutture
esistenti a causa dell’esposizione crescente a gravi danni strutturali.

La combinazione di questi fattori induce, di conseguenza, la riduzione della capacita
portante degli elementi in CA e CAP nel corso del tempo, causando - talvolta - cedimenti
inaspettati dovuti alla mancanza di resistenza a flessione, a taglio o all'ancoraggio. Queste
modalita di rottura possono avvenire senza segnali premonitori, inducendo un elevato rischio
in termini di perdite di vite umane e determinando un significativo impatto economico. In
questo contesto, negli ultimi decenni, numerosi crolli di edifici e ponti in CAP si sono verificati
in tutto il mondo, come il ben noto crollo del Palazzo dei Congressi di Berlino in Germania e
il piu recente crollo del Viadotto Polcevera in Italia. Questi eventi recenti e passati hanno
evidenziato l'urgente necessita di protocolli di manutenzione affidabili e rigorosi, nonché la
formulazione di modelli analitici semplificati in grado di valutare la capacita strutturale
residua di elementi strutturali deteriorati, promuovendo il tema della corrosione come un
argomento di grande interesse per la comunita scientifica. A dispetto delle molteplici forme di
corrosione possibili, nel caso di elementi in CAP, le conseguenze peggiori sono indotte dalla
corrosione da cloruri, in quanto il pitting puo causare concentrazioni tensionali e
localizzazione delle deformazioni in fili da precompressione, che risultano abitualmente
sottoposti a elevate sollecitazioni meccaniche iniziali.

Sebbene recenti studi sperimentali, numerici e analitici siano stati condotti su elementi
in CA, le conoscenze riguardo strutture corrose in CAP si rivelano essere ancora incerte e
limitate. I motivi principali sono i seguenti:

(i) La maggior parte delle ricerche sperimentali, riguardanti ['analisi della
capacita strutturale residua di elementi corrosi, sono state eseguite adottando

un processo di corrosione accelerato artificialmente.
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(ii) Pochi studi si sono concentrati sull'analisi della variabilita longitudinale e
sezionale delle armature di precompressione corrose.

(iii)  La letteratura scientifica ha rivelato un numero insufficiente di modelli che
studiano il comportamento meccanico residuo dei trefoli da precompressione
COrrosi.

(iv)  Codici e linee guida, che trattano le problematiche della corrosione ai fini della
valutazione della vita utile residua, non sono complete e opportunamente
validate.

In primo luogo, al fine di estendere le attuali conoscenze, la presente tesi analizza travi
in CAP corrose naturalmente e sottoposte a 10 anni di cicli di bagnatura e asciugatura con
acqua di mare. Lo studio mira a indagare l’influenza della corrosione sulle prestazioni
strutturali residue. A tal fine, due campioni non corrosi di travi in CAP sono stati realizzati con
lo stesso tipo di calcestruzzo e condizioni di maturazione, successivamente testati per essere da
riferimento per la quantificazione degli effetti associati alla corrosione. Durante le prove
meccaniche a tre e quattro punti di carico, si e eseguita la tecnica della “Digital Image
Correlation” (DIC), scattando foto ad ogni fase di carico, al fine della valutazione
dell'evoluzione dei campi di spostamento e deformazione di ogni trave testata.

In secondo luogo, la tesi definisce legami costitutivi per la previsione del comportamento
meccanico residuo dei trefoli da precompressione corrosi. A tal fine, i modelli 3D dei provini
dei trefoli corrosi e non corrosi recuperati sono stati realizzati utilizzando uno scanner 3D a
luce strutturata. Dopodiché, la variabilita spaziale della morfologia da pitting in direzione
longitudinale e sezionale é stata esaminata attraverso la sovrapposizione dei modelli 3D
corroso e non corroso utilizzando il software GOM Inspect. Successivamente, prove di trazione
sui trefoli disponibili sono state eseguite per la calibrazione dei modelli. Sulla base dei risultati
ottenuti, due legami costitutivi, denominati modello CPS e modello SCPS, sono stati proposti
per prevedere la relazione forza-deformazione o tensione-deformazione di un trefolo corroso.
Sebbene i due legami costitutivi vedano assunzioni differenti, entrambi adottano il modello a
molla equivalente (“equivalent spring model”), il quale riproduce la risposta resistente
complessiva del trefolo come la somma dei contributi dei singoli fili, assunti come molle che
lavorano in parallelo tra loro. Da una parte, il modello CPS assume la perdita di sezione
trasversale di ciascun filo come principale parametro di input per la previsione della resistenza
e della deformazione ultima distinguendo tra tre configurazioni morfologiche del pit —
conosciute come forma emisferica, semilunare e planare -. Il modello SCPS, d’altra parte, e

una versione semplificata del modello CPS per la pratica ingegneristica quotidiana ed é
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concepito sulla base di un unico parametro di input che é la massima profondita di
penetrazione del filo piu corroso. Tale modello e indipendente dalle possibili configurazioni
morfologiche del pit e considera un’unica legge di decadimento per la previsione della
deformazione ultima. Inoltre, sulla base dei risultati inerenti alla stima della morfologia da
pitting sezionale, il modello attribuisce ai restanti fili esterni una profondita di penetrazione
media attraverso una correlazione sperimentale definita in funzione della profondita di
penetrazione massima del filo piu corroso.

Infine, un approccio analitico é stato definito per la valutazione della capacita residua
flessionale e di taglio di travi corrose in CAP prive di armatura trasversale. A tale scopo, il
modello quantifica dapprima le perdite di precompressione istantanee e dipendenti dal tempo
associate: (i) alla contrazione elastica del calcestruzzo dovuta al rilascio dei cavi da
precompressione, (ii) al fenomeno di rilassamento dei trefoli nel tempo, e (iii) agli effetti
reologici di ritiro e viscosita. Successivamente, i parametri di corrosione di (i) penetrazione
media dei rimanenti fili esterni, (ii) sezione persa, e (iii) massa persa, sono calcolati sulla base
del “corrosion pattern” della trave in CAP analizzata, definito tramite analisi visiva. In
dettaglio, [’approccio assume la massima profondita del filo piui corroso come unico parametro
di input, e definisce quattro possibili scenari di corrosione, mentre 1l modello SCPS viene
assunto per la previsione della risposta meccanica residua dei trefoli corrosi. Ulteriormente,
sono stati introdotti modelli analitici che stimano la variazione della lunghezza di trasmissione
e il decadimento della resistenza ultima dovuta all’aderenza acciaio-calcestruzzo al variare
del livello di corrosione. Infine, la capacita residua a flessione e a taglio dell’elemento in CAP
e determinata tramite condizioni di equilibrio e compatibilita delle deformazioni. Da una parte,
la capacita residua flessionale é valutata tramite la proposta di un legame semplificato per la
definizione del diagramma momento-curvatura. D altra parte, la capacita residua a taglio per
elementi in CAP privi di armatura trasversale é stimata attraverso [’espressione fornita dal
Model Code 2010 — livello Il di approssimazione — opportunamente modificata per considerare
gli effetti della corrosione.

L’accuratezza e le potenzialita dei modelli proposti sono stati validati tramite il confronto
con prove sperimentali. Inoltre, i risultati ottenuti e i confronti condotti hanno permesso di
valutare l’affidabilita dei modelli analitici proposti per la valutazione della risposta meccanica
residua di trefoli corrosi. Nel dettaglio, la stima su base probabilistica delle incertezze di
modello - associate all utilizzo del modello SCPS - ha consentito la determinazione preliminare

di un coefficiente parziale di sicurezza da adottare per la stima della resistenza di progetto di
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trefoli corrosi. Vale la pena sottolineare che la quantificazione delle incertezze in gioco é stata
condotta sulla base delle raccomandazioni fornite dal Draft del Model Code 2020.
In conclusione, sono state delineate le principali osservazioni, le ricerche future e i

miglioramenti necessari.
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1 Introduction

1.1 Background and issue statement

Corrosion of steel reinforcements is nowadays considered as one of the leading causes
of the durability and capacity reduction of existing reinforced (RC) and prestressed (PC)
concrete structures and infrastructures. To date, the scientific and technical communities, in
collaboration with private and public authorities, are conducting extensive research on the
corrosion of RC and PC members in order to limit economic and human losses. In this context,
detailed surveys carried out by the American Society of Civil Engineers (ASCE) and the Federal
Highway Administration (FHWA) revealed that a high number of existing bridges in America
(approximately 30% of the American bridges — similarly to other countries around the world,
including Italy) have already exceeded their service life and have been characterized by evident
sign of deterioration, (Federal Highway Administration, 2006). During the last decades,
however, several buildings and bridges collapses have occurred worldwide. One only need to
think of the Berlin Congress Hall in Germany, the Lowe's Motor Speedway Pedestrian Bridge
in North Carolina, and the more recent Polcevera Viaduct in Italy. These examples emphasize
the urgent need for reliable and efficient monitoring systems, stringent maintenance protocols,
and simplified analytical models capable of assessing the residual structural capacity of
deteriorating RC and PC members.

In general, two are the main types of corrosion that might affect RC and PC members:
(1) chloride-induced corrosion, caused by the action of chloride ions contained in sea water or
de-icing salts; and (i1) carbonation-induced corrosion, caused by the long-period action of
carbon dioxide. The first type of corrosion, denoted as localized or pitting corrosion, is more
likely to occur in marine, coastal or mountain environments, where the presence of sea water
and salt aerosol are persistent and/or the use of de-icing salts is extensive (D. Li et al., 2019; F.
Lietal.,2011). When chloride concentration reaches its threshold limit at reinforcements level,
the concrete alkaline environment is affected and the passive layer that protects the
reinforcement locally is destroyed, allowing, therefore, the pits to grow. In the case of PC
members, the chloride-induced corrosion can lead to worse consequences, since pitting can
cause stress concentration and fracture localization, (Elices et al., 2012; Sanchez et al., 2017).
Carbonation-induced corrosion, on the other hand, is predominant in carbon dioxide-rich

environments, such as densely populated areas, (U. M. Angst, 2018). In this urbanized area, the
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combination of the exposure to carbon dioxide and chloride ions may cause even worst
scenarios. Regardless of the corrosion type, the following effects are considered by the
scientific community as the main issues associated with steel corrosion in concrete:
- Volume expansion due to formation of rust products, (Asami & Kikuchi, 2003;
Zhao et al., 2011);

- Concrete damage such as swellings, delamination, cracking up to spalling of
concrete cover, (Andrés A. Torres-Acosta & Castro-Borges, 2013; S. F. Zhang et
al., 2011; Zhao et al., 2012, 2020);

- Reduction of cross-section of reinforcement, especially dangerous in the case of
seven-wire prestressing strands having wires with small diameters, (L. Wang, Li,
et al., 2020);

- Decay of ultimate mechanical properties of steel in terms of both ultimate strength
and ductility, (A. A. Almusallam, 2001; Z. H. Lu et al., 2016; Ou et al., 2016);

- Bond decay between concrete and steel, (L. Wang et al., 2018).

As aresult, all these factors contribute to reduce the structural capacity of existing RC and PC
members over time, sometimes causing unexpected failures due to the lack of bending, shear,
or anchorage resistance without warning signs.

Although several experimental research programs have been carried out over the last
years, both to investigate the residual mechanical behaviour of corroded reinforcements (A. A.
Almusallam, 2001; Ch Alk Apostolopoulos, 2007; Ch Alk Apostolopoulos et al., 2006; Cairns
et al., 2005; Ou et al., 2016) and the residual flexural and shear capacity of corroded RC
members (Soltani et al., 2019), only a limited number of experimental works have been
conducted to investigate the same topics in the case of corroded prestressing strands and PC
members. Among the few, Wang et al. (2020) and Jeon et al. (2019) proposed different
analytical models for the prediction of the residual mechanical behaviour of corroded strands
in terms of stress-strain relationships, while Rinaldi et al. (2010) and Recupero et al. (2019)
tested a set of nine and eleven PC beams artificially corroded, respectively.

However, since natural corrosion requires a lengthy period of exposure to the
aggressive environment, in most experimental research, corrosion is artificially triggered
through impressed current or by adding a mixture of CaCl> or NaCl. In general, the artificially
accelerated method produces different corrosion effects than those induced by the natural
environmental attack on structures. As a result, according to Zhu (2011), the accelerated
corrosion cannot actually represent the state of real corrosion, especially if the scientific

community cannot unanimously agree on a current density value that should be applied in tests
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to simulate natural corrosion. Therefore, the outcomes coming from different experimental
works cannot be easily compared at this stage since they are conducted under different
conditions.

Concurrently, the effects associated with global warming seriously affect and interact
with the corrosion process. Indeed, global warming increases the frequency and the intensity of
natural hazards, leading to the rising exposure of existing structures and infrastructures to severe
structural damages, as highlighted by the “Global Assessment report”, (United Nations Office
for Disaster Risk Reduction, 2019). Moreover, it affects the rise in sea level and promotes heavy
snows that may lead to the worsening of chloride-induced corrosion (United Nations Office for
Disaster Risk Reduction, 2020). For example, after heavy snows, a larger amount of de-icing
salts is needed to ensure the maintenance and operation of transport lines.

In the context of a great variability of corrosion processes related to possible exposure
classes and different aggressive environments, as defined by EN 206 (CEN, 2014), this Thesis
is focused on the assessment of existing naturally prestressed concrete beams subjected to 10

years of chloride-induced corrosion.

1.2 Lacunae in the current knowledge

Based on previous considerations, corrosion is a topical issue at both national and
international level. However, to fill the gap between the available scientific knowledge on
corrosion processes and its effects on structural performance, and the effective behaviour of
corroded existing structures, further research efforts should be especially devoted to the analysis
of corroded PC members. In this regard, Figure 1-1(a) reports the outcomes of a research
conducted in Scopus-indexed journals concerning the number of scientific works published on
corrosion of RC and PC structures and infrastructures from 1962 to 2022. When compared to
scientific works on corroded RC members, it is undeniable that works on corroded PC members
are scarce and scaled by a factor of four. However, from the engineering point of view, the
relevance of the research topic is confirmed in Figure 1-1(b) where the engineering branch
ranks first among the scientific areas for published works in the field of corrosion of PC
elements. Finally, Figure 1-2 shows an additional focus on countries that are leading the way
in the engineering study of corrosion of PC members and structures. China and the United
States of America are first and second with a total number of publications equal to eight hundred
fifty and seven hundred sixty-four, respectively. Nevertheless, taking into account the large

disparity in terms of territorial extent, laboratory dimension as well as economic resources, Italy
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holds a relevant seventh place with one hundred fifty-three published works just behind Japan

and Germany.

—o—Prestressed Concrete

—eo—Reinforced Concrete

Documents, Papers, Research

1962 1972 1982 1992 2002 2012 2022
Year (a)

Chemical Engineering
Chemistry

Energy

Mathematics

Environmental Science
Earth and Planetary Sciences
Computer Science

Physics and Astronomy

Materials Science

Engineering

0 500 1000 1500 2000 2500 3000 3500 4000

Documents, Papers, Research (b)

Figure 1-1 Research in Scopus-indexed journal concerning corroded RC and PC members: (a) trend of
the number of publication in the period 1962-2022, and (b) scientific areas of research for corroded PC
members. (https://www.scopus.com/).
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Figure 1-2 Identification of countries as a function of the number of published works on corroded PC

members, (https:// www.scopus.com/).

The main lacunae in the current scientific literature are summarized as follows:

The knowledge on PC members against corrosion is still uncertain and, scarce
experimental, numerical and analytical studies are available compared to RC
members;

Most of experimental research concerning the analysis of the residual structural
capacity of corroded members have been performed with the accelerated process.
This latter technique is not perfectly suitable to reproduce the natural corrosion
process, which requires a long period of exposure. Furthermore, no agreement has
been reached among scientific communities on the optimal current density to be
applied during testing in order to better reproduce the natural corrosion process.
As a result, more research on naturally corroded members is required to fully
understand the behaviour of RC and PC members subjected to corrosion;

The majority of experimental campaigns and available analytical models have
been focused on the study and the prediction of the flexural resistance of corroded
members, although the shear failure may lead to worse consequences due to its
brittle and sudden nature. Therefore, special attention should be further addressed
to the evaluation of the development of the shear failure mode of corroded PC

members;
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Limited studies investigated the corrosion-induced ductility reduction. Ductility is
a particularly relevant parameter of corroded reinforcements since directly
influences the failure mode of the member. When the ultimate strain of corroded
reinforcements reduces under a certain threshold limit, a change in the failure mode
of the corroded member from ductile to brittle occurs. In this regard, shear failure
is prone to occur in highly deteriorated members where the ductility of
reinforcements is severely compromised by corrosion. Therefore, additional
efforts should be further addressed to the evaluation of the effect of ductility
reduction on failure mode change in corroded PC members;

Despite several works have been carried out to investigate the pitting morphology
of corroded deformed bars, few studies have been focusing on the analysis of the
longitudinal and sectional variability of corroded prestressing reinforcements;

In contrast to the comprehensive State-of-the-Art on the prediction of the residual
mechanical properties of corroded rebars, the scientific literature lacks of models
suitable for the prediction of the residual mechanical behaviour of prestressing
strands. From the standpoint of engineering daily practice, the development and
improvement of simplified models is crucial to allow a fast and reliable assessment
of the capacity of corroded PC members and a more accurate estimation of the
residual life of existing PC structures;

Although, guidelines such as CONTECVET manual (2001) and Dura Crete Final
Technical Report (2000) extensively treat the corrosion topic, they do not provide
a fully validated analytical approach for the assessment and prediction of the
residual service life of corroded structures;

A simplified partial factor method for existing concrete structures has been
proposed in fib Bulletin 80 (CEB-fip, 2016) even though it do currently not take
into account reduced material characteristics of corroded members. Besides,
Eurocodes only address the issue of corrosion and environmental deterioration of
structures over time, without requiring any specific design or assessment.
Therefore, to optimize the maintenance strategies of the existing structural
heritage, simplified methods for design and assessment purposes — capable of
using as input data the parameters measured from in-situ inspections and
outputting the residual structural capacity and the residual life estimation of

corroded PC members — are needed.
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In order to extend the current knowledge of the corrosion of PC members, this Thesis
aims to analyse the residual structural behaviour of several naturally corroded PC beams.
Moreover, based on the evaluation of the pitting morphology of retrieved corroded samples, the
Thesis proposes analytical approaches to predict the residual mechanical behaviour of corroded
prestressing strands as well as a simplified analytical model to assess the residual service life

of PC beams subjected to chloride-induced corrosion.

1.3 Research methodology and layout of the Thesis

In the present work, the chloride-induced corrosion of existing structures is evaluated
through the analysis of naturally corroded prestressed concrete beams subjected to 10 years of
sea water wet-dry cycles. To successively identify the impact of corrosion, two un-corroded PC
beams specimens were manufactured with the same type of concrete and curing conditions. The
scheme of the research activities is reported in Figure 1-3.

First, the concrete surface defects of each corroded PC beam were analysed. Since the PC
beams were subjected to a corrosive environment for a long period, cracking of concrete caused
by splitting phenomena as well as spalling of concrete cover (especially at beam edges) were
observed and mapped. At the same time, indirect measurements of corrosion in terms of
corrosion potential mapping, ohmic drop and corrosion rate were performed.

Second, mechanical experiments were carried out on corroded and un-corroded beams to
study the residual structural performance of the members. During these mechanical tests,
Digital Image Correlation (DIC) was performed by taking photos at each load step to
successively investigate the strain fields evolution and to document the crack opening formation
of each tested beam.

After the mechanical tests, the beams were dismantled and twenty-four prestressing
strand samples — four un-corroded and twenty corroded — were extracted to be further analysed.
The samples were cleaned and the mass loss was measured by adopting the gravimetrical
method.

Third, 3D models — one for each corroded sample — were obtained by using a structured
light 3D scanner. The spatial variability of corrosion distribution in terms of pitting morphology
was then depicted sectionally and longitudinally along the entire sample length through the
superimposition process of un-corroded and corroded 3D models by using the GOM Inspect

software.
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Tensile tests were performed to investigate the residual mechanical behaviour of corroded
prestressing strands. Based on the findings, two analytical models, namely CPS- and SCPS-
model, were proposed for predicting the tensile force-strain or stress-strain relationship of
corroded strands. The models are based on different assumptions, however, both assume the
equivalent spring material approach to predict the overall response of the corroded strand by
summing the contributions of each wire. Both models were validated by comparing the
analytical predictions to the experimental tensile test outcomes coming from the present
research and the work carried out by Jeon et al. (2019).

Finally, an analytical approach for assessing the residual flexural and shear capacity of
corroded PC beams without transversal reinforcement was defined. In detail, the analytical
approach is based on a single input corrosion parameter, which is the maximum penetration
depth of the most corroded wire.

The sections of the present research work concern:

- Steel corrosion in concrete: a general introduction to the corrosion phenomena with
particular focus on the evaluation of corrosion typologies, mechanisms, and main
effects on RC and PC structures. Furthermore, the correlation between the climate
change issue and the worsening of corrosion effects is also discussed.

- State-of-the-Art: a literature investigation on the residual structural capacity of
corroded PC beams, and the analysis of models for the prediction of the residual
mechanical behaviour of corroded prestressing strands. Additionally, an overview of
current standards and guidelines for the assessment of corroded elements is outlined.

- Characterization of naturally corroded PC beams: a description of the research
program involving fourteen 10-years old naturally corroded PC beams coming from
the refrigeration tower of a Spanish thermal power plant. This section focuses on the
characterization of the available corroded specimens in terms of mapping of concrete
surface defects — 1.e., longitudinal splitting cracks, swellings, and spalling of concrete
cover — as well as the performance of indirect measurements of corrosion, such as
corrosion potential mapping, ohmic drop and corrosion rate. Moreover, the
relationships between concrete surface defects and indirect measurements are
investigated.

- Residual structural performance analysis: the residual flexural and shear capacity of
naturally corroded PC beams are estimated in this section using three-point and four-
point bending tests up to failure, carried out at the Instituto Eduardo Torroja in

Madrid. Furthermore, displacement and strain fields are evaluated using DIC analysis;
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experimental results are compared to the un-corroded reference beams; failure mode
are analysed and the impact of corrosion level on the failure mode change from ductile
to brittle are investigated.

Pitting morphology evaluation: corroded prestressing strands are retrieved from the
tested beams, samples cleaned according to ASTM G1-03 standard (2017) and
gravimetrical measurements performed. Follows the 3D scanning of available
corroded samples, the creation of 3D models using the GOM Inspect software and the
post-processing of data aimed to examine the longitudinal and sectional pitting spatial
variability of corroded seven-wire prestressing strands in terms of residual cross-
section and penetration depth. Finally, several relationships between main pitting
parameters and corrosion levels are proposed.

- Mechanical behaviour of corroded strands: coupled with the results from the tensile
tests performed in collaboration with the Politecnico of Turin, two analytical models
for the prediction of the residual stress-strain response of corroded strands are
proposed. The first one, named CPS-model, assumes the cross-sectional loss of each
wire as the main input parameter for the prediction of the ultimate strength and the
ultimate strain decay. The CPS-model considers different decay laws as a function of
three different pit type morphology configurations — hemispherical, half-moon and
planar shape — and considers the un-corroded area of the overall strand for the final
prediction of the stress-strain response. The second approach, named SCPS-model, is
a simplified version of the CPS-model based on a single input parameter, which is the
maximum penetration depth of the most corroded wire, and is designed for the daily
engineering practice. The SCPS-model, which is independent from the possible pit
type morphology configurations, adopts a single decay law for the ultimate strain and
estimates a sectional average penetration depth for the remaining external wires as a
function of the maximum penetration depth of the most corroded wire. Conversely to
CPS-model, the SCPS-model considers the corroded area of the overall strand for the
final prediction of the stress-strain response. For this purpose, a decay law of the
residual cross-sectional area of the wire is also introduced.

Both models are based on the equivalent spring material approach that consists in the
evaluation of the residual response of the corroded strand through the sum of
contributions of the seven wires that are considered as springs working in parallel

with each other. A partially safety factor for corroded prestressing steel is finally
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proposed for the estimation of the design strength of corroded strands by quantifying
the SCPS-model uncertainty.

- Analytical method: based on the considerations highlighted in the previous sections
and the simplified expressions derived, the work concludes with a simplified
analytical model for the assessment and/or residual life prediction of corroded PC
beams in terms of flexural and shear capacity estimation.

- Conclusions and future research: a summary of main findings, conclusions and
research that require improvements are finally highlighted as the conclusive part of
the present work.

In Table 1-1 is reported the schematic Thesis outline.

Naturally corroded prestressed concrete (PC) beams

| |

Characterization of PC beams Mechanical tests

| |
| | | |

Surface defects
mapping

Indirect measurements
of corrosion

Evaluation of residual
flexural capacity
(3-point bending tests)

Evaluation of residual
shear capacity
(4-point bending tests)

Retrieval of strand samples
and cleaning phase

|

Tensile tests

Analytical models for the
prediction of the mechanical
behaviour of corroded strands

l
| |

CPS-model SCPS-model

Realization of 3D models

Pitting morphology evaluation

|

Proposal of an analytical model for the assessment or
prediction of the residual life of a corroded PC beam

Figure 1-3 Scheme of the all research activities.
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Table 1-1 Outline of the Thesis.

Chapter

Contents

1

General introduction: background; current lack of knowledge; layout of the
Thesis.

Literature review on steel corrosion process of reinforcing steel embedded
in concrete: definitions; mechanisms; types of corrosion; main effects on
RC and PC structures; climate change effects.

Literature review on corroded PC beams and strands: historical collapses;
cost of corrosion; experimental tests on post- and pre-tensioned PC beams
aiming to study the residual structural capacity of corroded members;
experimental tensile tests and analysis of the available material models for
the prediction of the residual mechanical response of corroded prestressing
strands; brief overview on current codes and guidelines.

Description of the research program involving fourteen naturally corroded
PC beams: analysis of the environment that led to chloride-induced
corrosion; characterization of the specimens in terms of concrete surface
defects mapping and performance of indirect measurements of corrosion.

Analysis of the residual structural capacity: evaluation of load-deflection
curves of corroded and un-corroded PC beams via three-point and four-
point bending tests; performance of DIC analysis for the evaluation of
displacements and strain fields; failure modes analysis.

Evaluation of the pitting morphology of corroded strands: retrieval of
samples; cleaning procedure and gravimetrical measurements; 3D scanning
phase; data processing by means of the GOM Inspect software through the

superimposition of un-corroded and corroded 3D models; proposed
relationships between analyzed corrosion damage parameters.

Constitutive laws for the prediction of the residual mechanical behaviour of
corroded prestressing strands (stress-strain relationship): (i) refined model,
CPS-model, based on the cross-sectional loss of each wire and pit type
morphology configurations; (i1) simplified model for the daily engineering
practice, SCPS-model, based on a single input parameter that is the
maximum penetration depth of the most corroded wire. Partial safety factor
estimation for the design strength of corroded strands.

Proposed analytical approach for the assessment and/or prediction of the
residual life of corroded PC beams (without shear reinforcements);
description of the main assumptions and model validation.

9

Conclusions and future research concerning corrosion of PC members and
prestressing reinforcements.

Appendix
A.land A.2

Literature review concerning experimental campaigns on corroded RC
beams and tensile tests on corroded rebars.

Appendix
A3and A4

Experimental data on corrosion parameters in terms of maximum
penetration depth and cross-sectional loss from pitting morphology study.
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Literature review on corrosion processes of steel reinforcement in concrete

2.2 Definitions

From an etymological standpoint, the word “corrosion” shows a variety of historical
influences. Its origins can derive (i) from the Middle English corosioun with the meaning of
tissues’ deterioration, (ii) from the Old French corrosion, or (iii) from the Latin corrosion and
(iv) corrosus — past participle of corrodere — which refers to the act of gnawing.

Over the last decades, several definitions of the word “corrosion” have been proposed
worldwide. Some are strictly related to a type of corrosion which is specific to a field of
research, whereas others are generic and easily attributed to several corrosion forms. In this

context, the ISO 8044 standard (2020) defines corrosion as:

“a physicochemical interaction between a metallic material and its environment that results
in changes in the properties of the metal, and that may lead to significant impairment of the

function of the metal, the environment or the technical system, of which these form a part.”

In general, corrosion is defined in scientific literature as a natural process where a
metallic material, i.e. iron or steel, tends to interact with the surrounding environment by
combining with other chemical elements, such as water and oxygen, to reach its lowest energy
states. To achieve this condition, confined electrochemical reactions, known as oxidation and
reduction reactions (abbreviated REDOX reactions), take place at metal surface. Therefore, the
corrosion process is strongly influenced by the surrounding environment where reactions occur.
For the abovementioned reason, a detailed description of the environment in terms of:

= Physical state: by distinguishing between gas, liquid, or solid state;
= Chemical composition: by defining the chemical elements that compose the
environment and their concentrations;
= Temperature;
= Relative humidity;
turns out to be essential for accurately defining the corrosion process underway. In fact, as

stated by Davis J. (2000):

“Corrosion is the deterioration of a metal and is caused

by the reaction of the metal with the environment.”
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Finally, the term “aqueous corrosion” is used in literature to draw attention to the three
main components essential for the initiation of the corrosion process, which are the presence of

(1) a metal, (ii) moisture and (iii) oxygen.

2.3 Mechanisms and processes

In recent years, the growing interest of the scientific community on the topic of
corrosion of RC and PC concrete structures has led to an in-depth understanding of corrosion
mechanisms and processes, (Hansson et al., 2006).

Through the analysis of metals exposed to an atmospheric environment, three distinct
behaviours can be identified:

* Immune behaviour: metals not susceptible to corrosion (Noble Metals) or other
metals nobler than hydrogen cathodic reaction;

= Active behaviour: metals highly susceptible to corrosion but not able to restore
their protective passive condition;

= Passive behaviour: metals, such as iron, susceptible to corrosion and
characterized by insoluble rust products, that allow the formation of a
protective layer that inhibits the development of further corrosion damages by
reducing the corrosion attack to negligible values.

In detail, metals with an active or a passive behaviour tend to strictly interact with the
surrounding environment to reach their lowest energy states, enabling the development of
COITOSION Processes.

Corrosion is a natural process that converts a metal into a stable oxide, and it is
subdivided into wet or dry corrosion. Electrochemical corrosion is a wet corrosion process that
involves a series of complex electrochemical reactions that take place under the occurrence of
certain conditions, such as (i) difference in energy level, (ii) presence of an electrolyte, and (iii)
metallic connection.

In the case of corrosion of steel embedded in concrete, the deterioration process is
favoured by the specific function performed by concrete. Under standard condition, concrete is
a reliable environment and an excellent electrolyte characterized by high alkalinity of pore
water and a pH of about 12.5. Concrete’s alkalinity is primarily determined by the presence of
hydroxyl ions (OH") in the pore water, which results from the dissolution of calcium hydroxide

(Ca(OH),) formed during the hydration process. This basic environment encourages the
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formation of a passive layer of ferric oxide around steel reinforcements, which prevents further

metal dissolution caused by corrosion.

According to Hunkeler (2005), five specific components must be simultaneously

present to initiate and sustain the corrosion process of steel in reinforced and prestressed

concrete, Figure 2-1:

An anode, where corrosion takes place (a zone of the reinforcing steel);

A cathode, which does not corrode and where the environment reduces (a zone
of the reinforcing steel);

An electrolyte, between the anodic and cathodic zones, with high conductivity
that allows the electrons’ flow (the concrete). The presence, even limited, of a
water film to ensure ion mobility is necessary;

A conductor in which electrons flow (the reinforcing steel);

A sufficient level of moisture to complete the electrolytic condition of the cell.

Concrete: o,
H,0 electrolyte
H,0
0, Anode

2Fe* +40H — 2Fe(OH),

02
H,0 Concrete

Figure 2-1 Schematic representation of the electrochemical process of corrosion.

When all the conditions are fulfilled, anodic and cathodic reactions take place, Figure

2-1. According to Eq. 2-1, the anodic reaction, also known as metal oxidation, implies the

dissolution of iron atoms (Fe) in the surrounding water solution in the form of ferrous ions

(Fe**) — if the supply of oxygen is scarce — or ferric ions (Fe’*) — if oxygen is available —

associated with the loss of one or more electrons.
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2Fe — 2Fe™ +4e
Fé +0,+2H" — Fe*+H,0

Once the metal is oxidized and the free electrons migrate from the anodic to the

2-1

cathodic zone due to the presence of a metallic connection, the cathodic reaction takes place.
The latter involves the reduction of oxygen through the consumption of free electrons and water

to form hydroxyl ions (OH"), as expressed by Eq 2-2.

O, +4¢ +2H,0 — 40H 22

The electrochemical cell is completed by the charge flow undertaken by the movement
of the hydroxyl ions from the cathode to the anode by diffusion. Thus, the coupling of oxidation
and reduction reactions yields to the formation of ferrous (Fe(OH):) or ferric (Fe(OH)3)

hydroxides, according to Eq. 2-3.

2Fe" +40H" — 2Fe(OH),
2Fe" +40H  — 2Fe(OH),

Thereafter, in the presence of a sufficient amount of moisture and oxygen, acid-base

2-3

reactions may result in the conversion of ferrous and ferric hydroxides into ferrous oxide (Fe203)
with the consequent rust products formation, as briefly summarized in Eq. 2-4 to Eq. 2-6. As a
result, a thin passive layer forms on the surface of steel reinforcements, which remains stable
until the alkalinity of concrete pore water is not affected by the ingress of external aggressive

agents such as carbon dioxide or chloride ions.

2F +4H,0 — 2Fe(OH),+4H

2-4
2Fe™ +6H,0 ——> 2Fe(OH),+6H

2Fe(OH), —— 2Fe0+2H,0 )5
2Fe(OH), —— 2FeO(OH)+2H,0

4Fe(OH), +0, +6H,0 — 2Fe,0,.10H,0 >

2FeO(OH) —= Fe,0,+H,0
It is worth noting that, depending on the availability of oxygen and water, the oxidation
of iron can produce a variety of rust products characterized by different colours and chemical
reactions, as shown in Egs. 2-7 — 2-12, (Fraczek, 1987; Popovics et al., 1983; Weizhong et al.,
2010).
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2Fe(OH),+ )0, — Fe,0, H,0+H,0 (Red rust) 2-7
2Fe(OH),+ Y 0,+ H,0 — 2Fe(OH), (Red rust) 2-8
3Fe(OH),+ Y,0, — Fe,0,+3H,0 (Black rust) 2-9
2Fe0+ Y5 0,+ H,0 — Fe,0,H,0 (Red rust) 2-10
2Fe0+ Y, 0,+3H,0 — 2Fe(OH), (Red rust) 2-11
3Fe0+ Y0, — Fe,0, (Black rust) 2-12

According to Rodriguez et al. (1999), six types of galvanic cells in the corrosion of
steel embedded in concrete can be defined, each of which plays a key role in the corrosion
process of steel reinforcements:

= Differential aeration cells;

= Differential surface conditions cells;
= Differential salt concentrations cells;
= Differential pH cells;

= Passive/active cells;

= Rusted/bright cells.

However, until the passive layer is provided, their effects are limited and
inconsequential. Once the passive layer is broken down by aggressive agents, either locally or
on a wide area, through the action of chloride ions (CI’) or due to carbonation of concrete, the
passive-active transition occurs, and the corrosion process induced by galvanic cells becomes
tangible. At this point, the six types of galvanic cells can be considered as different steps of the
overall corrosion process.

Even though several types of corrosion cells have been defined in literature, the most
significant distinction is between galvanic micro and macro cells, Figure 2-2. Microcells are
characterized by a limited distance between the anode and the cathode in the microns order,
Figure 2-2(a), whereas macrocells are distinguished by a significant distance between anodic
and cathodic zone in the centimetres to meters order, Figure 2-2(b). As pointed out by Schiessel

and Raupach (1997), several examples of macrocells can be found in daily engineering practice.
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Indeed, macrocells can develop both on a single reinforcing rebar or prestressing strands as well
as between different reinforcement layers where the metal connection between layers is
provided by stirrups, Figure 2-2(b). Referring to existing RC and PC structures, macrocells
occur in correspondence to cracks also. In these deteriorated areas the penetration of external
aggressive agents such as chloride ions or carbon dioxide is enhanced, leading to the
depassivation of steel reinforcement. The anodic reaction occurs in proximity of the crack,
while the cathodic reaction develops on the same steel reinforcement within the distance
between cracks, (Schiessl & Raupach, 1997), causing localized corrosion characterized by a

high corrosion rate.

I P B

2Fe — 2Fe* +4e H,0

O,+4e +2H,0 — 40Hc<

A f
P P

p Ccl ; cl

> Corrosion
2Fe — 2Fe” +4e products

2Fe™ +40H_ — 2Fe(OH),

4e”

O,+4e +2H,0 — 40H

(b)

Figure 2-2 Corrosion mechanisms: (a) microcells and (b) macrocells.

Anyway it is worth noting that the overall corrosion process of steel embedded in
concrete results from the combination of microcells and macrocells, (Fraczek, 1987).
In this framework, Tuutti (1982) distinguished the corrosion process into two main

phases, named initiation period and propagation period, respectively, as shown in Figure 2-3.
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Level of Deterloration
Fs

Initiation period Propagation Period @
itiation peri I pagat ri

p Time of Exposure [a]

Condition can be Deterioration recognizable through non-

comprehended destructive measuring methods
by monitoring

@ Depassivation of the reinforcement Initiation period

@ Formations of cracks

Lirmit States )

@ Collapse of the structure through Period
bond tailure or reduction of the cross
section of the load bearing reinforcement

Figure 2-3 Tuutti’s model schematic representation from fib Bulletin 34 (2006). Reproduced from fib
Bulletin 34 - Model code for service life design, page 91 - “Figure R1.1-1: Deterioration process of
reinforcement corrosion and life design definition of limit states for basic scheme of the service life

design" with permission from the International Federation for Structural Concrete (fib).

The initiation period represents the time up to the depassivation of the steel
reinforcement, while the propagation period is the time from the steel depassivation up to the
reaching of a certain unacceptable level of deterioration, for example the Serviceability Limit
State (SLS) or the Ultimate Limit State (ULS) of the analyzed structural member, (L.
Franceschini et al., 2021). In terms of the initiation period, the scientific community agrees in
identifying the carbonation of concrete and the chloride attack as the main processes that induce
the depassivation of steel reinforcement through the transition from the passive to active stage
of the corrosion process. The propagation period, conversely, refers to the development and
progress of the corrosion process over time, which is controlled by its corrosion rate.

The corrosion rate is strongly conditioned by the surrounding environment where the
analyzed RC or PC member is located. The EN 206 (CEN, 2014) defines four main exposure
classes as function of possible aggressive environments:

1. No risk of corrosion or attack: XO0;

2. Corrosion induced by carbonation: XC1 (dry or permanently wet environment),

XC2 (wet, rarely dry), XC3 (moderate humidity), and XC4 (cyclic wet and dry);
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3. Corrosion induced by chlorides other than from sea water: XD1 (moderate
humidity), XD2 (wet, rarely dry), and XD3 (Cyclic wet and dry);
4. Corrosion induced by chlorides from sea water: XS1 (exposed to airborne salt but
not in direct contact with sea water), XS2 (permanently submerged), and XS3
(tidal, splash and spry zones).
Furthermore, other aspects impact the corrosion rate, such as the fluid transport in
concrete, which is promoted by three main mechanisms — diffusion, permeability and
absorption —, oxygen and water availability, the type and the resistivity of concrete, the curing

conditions, the cell polarization and the temperature.

2.3.1 Carbonation-induced corrosion

The carbonation of concrete, also known as carbonation-induced corrosion, is a
natural process that occurs when the atmospheric carbon dioxide (CO») reacts with the alkalis
in the pore water of concrete, generally sodium, potassium and calcium hydroxides (NaOH,
KOH and Ca(OH);) to form sodium, potassium and calcium carbonates (Na2COs3, K2COs,
CaCO0s), (Zhou et al., 2015). The primary consequence of carbonation is a significant decrease
of the alkalinity of concrete. Beyond the threshold pH value of 8.5, the protective passive layer
becomes unstable and breaks down at the steel-concrete interface, allowing the steel
reinforcement to corrode. Indeed, carbon dioxide has the ability to react with concrete without
causing damage to it, but at the same time, it can also compromise steel reinforcement, Figure
2-4. In this context, the extension of the carbonation fronts as well as the penetration rate of
carbon dioxide are influenced by:

= Cement types and concrete;

= Cement porosity and permeability;

= Concrete curing condition and compaction level;

=  Water/cement ratio;

= Exposure condition: temperature, carbon dioxide concentration and its
diffusion coefficient.

= Relative humidity: the ideal humidity level ranges between 25% and 75%. For
values below 25% the carbonation process is trivial, whereas for values greater
than 75%, moisture saturates the concrete capillaries by preventing carbon
dioxide penetration, (ACI 201.2R-92). Additionally, for values between 60%

and 95% the carbonation rate tends to increase linearly.
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J co. l co, J cozl COZJ COZJ COQJ co, J

CARBONATED CONCRETE /
/ Carbonation
—k/\/’\A / Fr()nt
NON-CARBONATED /

~ Depassivation of
CONCRETE reinforcements

Concrete cover Thickness

Steel Reinforcement

Figure 2-4 Carbonation-induced corrosion: focus on the penetration ingress of atmospheric carbon
dioxide (CO:) and example of carbonation front.

According to Hunkeler (2005), the first step of the carbonation-induced corrosion
process consists in the formation of carbonic acid (COs*) from the dissolution of carbon dioxide

in water, as expressed by Eq. 2-13.

CO,+H,0 — 2H +CO;" 2-13

Concurrently, the alkaline components tend to dissolve in concrete pore water

according to Egs. 2-14 — 2-16.

NaOH — Na*+OH~ 2-14
KOH — K'+OH~ 2-15
Ca(OH), — Ca* +20H" 2-16

Combining Eq. 2-13 with Egs. 2-14 — 2-16, the full reactions can be summarized in
Egs. 2-17 — 2-19. During this phase, carbonates form and additional water is released by the
reaction process. As a result, the consumption of hydroxyl ions (OH") causes a first significant

decrease in the alkalinity of concrete, leading to a subsequent decrease in the pH value.
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2NaOH +H,0+CO, — Na,CO,+2H,0 2-17
2KOH+H,0+C0O, — K,CO,+2H,0 2-18
Ca(OH),+H,0+CO, — CaCO,+2H,0 2-19

With the continuation of the carbonation process, given the availability of additional
water and carbon dioxide, a further reduction of pH is induced by the formation of soluble
hydrogen carbonate, which produces the simultaneous presence of carbonic acid (CO3*) and

bicarbonate (HCO5) in the concrete pore water, Egs. 2-20 — 2-22.

Na,CO, + H,0+CO, —> 2NaHCO, 220
K,CO,+H,0+CO, —> 2KHCO, 221
CaCO, + H,0+CO, — Ca(HCO,), 222

As a result, several parameters such as (i) temperature, (ii) cement alkali content, (iii)
concrete hydration level, (iv) moisture content, and (v) CO; pressure, influence the final pH,
(Hunkeler, 2005). From an assessment and design point of view, however, the concrete cover
thickness of new and already existing structures in relation to the carbonation front depth
represents the major risk of carbonation-induced corrosion, (Parrott, 1990). Indeed, for a fixed
carbonation rate, a thinner concrete cover results in a shorter steel depassivation time and,
consequently, an earlier start of the propagation phase. However, although carbonation-induced
corrosion directly affects reinforcements’ depassivation, influencing the end of the initiation
period in Tuutti’s model (1982), it is ineffective on the propagation period since it does not

contribute to the corrosion rate.

2.3.2 Chloride-induced corrosion

The chloride ion attack, also known as chloride-induced corrosion, is generally
considered as the most serious threat for the durability of RC and PC structures, (M. U. Khan
etal., 2017; Zhou et al., 2015).

The main issue related to chloride ion attack is the local breakdown of the protective

passive layer of steel reinforcements, Figure 2-5.
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Figure 2-5 Chloride-induced corrosion: focus on the penetration ingress of chloride ions (CI) and
mechanism of corrosion.

When chloride ions reach a critical level of concentration at the steel-concrete
interface, known as threshold concentration of chloride ions Cerir, galvanic microcells start to
form, leading to localized corrosion, Figure 2-2(a). The threshold concentration is strictly
related to the hydroxyl ions (OH") concentration in the concrete pore water, which affects the
pH of the pore solution. Although there is no general agreement among scientific communities
on a specific Ceqi; value, several codes and guidelines have prescribed maximum chloride
contents, expressed as a percentage of the cement content of concrete, as reported in Table 2-1.
Besides, as pointed out in the state of the art review carried out by Angst et al. (U. Angst &
Vennesland, 2009; Ueli Angst et al., 2009), numerous scientific studies have been conducted
in the last years to estimate the threshold chloride content sufficient to induce the onset of active
corrosion under different exposure conditions. Anyway, since several factors influence the Ci
value, such as: (1) steel-concrete interface, (ii) binder type, (ii1) steel surface condition, (iv)
concentration of hydroxyl ions, (v) moisture content of the concrete, (vi) temperature, (vii) w/c
ratio, (viii) oxygen availability, (ix) chemical composition of steel, and (x) electrical resistivity
of concrete and (xi) cover thickness, a unique threshold value that disregards the exposure
environment has not been derived (Ueli Angst et al., 2009). The scheme reported in Figure 2-6
shows the key issues related to the Ceui value determination. In detail, among the several

exposure classes contemplated by the EN-206 (CEN, 2014), the wet and dry condition is
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deemed to be the worst case scenario enhancing the chloride-induced corrosion process because
of its ability to accelerate the diffusion by capillarity or by absorption of chloride ions within

the concrete.

Factors influencing the threshold
concentration of chloride ions, C,
\

rit

Method of determination Cement composition Chloride ions Exposure Alkalinity of concrete
of chloride level and characteristics availability Condition pore water, pH value
|
| | | | ,
Total Acid-soluble || water-soluble Admix into External ingress Mechanisms and
chloride chloride chloride concrete (de-icing salts processes of corrosion
and seawater) deterioration

Type of concrete, resistivity, porosity,
permeability, mix design, thickness of
concrete cover, chloride binding Exposure classes, relative

capacity...etc.... humidity, temperature,
geographic environment

Figure 2-6 Factors influencing the threshold concentration of chloride ions.

Table 2-1 Chloride threshold values from codes and guidelines, adapted from (Ann & Song, 2007).

Type of concrete

Reinforced Reinforced Other

Codes and Concrete Concrete Prestressed .
o Reinforced
Guidelines (exposed to (dry or protect Concrete
. K Concrete

chloride) from moisture)
BS 8110 (1985) 0.20 0.40 0.10 -
ACI 201 (1994) 0.10 - - 0.15
ACI 357 (1994) 0.10 - 0.06 -
ACI 222 (1994) 0.20 - 0.08 -

0.2™ and

CEB (1989 - - -
( ) 0.4 (not carbonated)

“expressed in percentage of acid-soluble chlorides by cement weight

The mechanism of chloride-induced corrosion primarily interacts with the anodic
reaction of a metal, (Montemor et al., 2003). After iron oxidation, chloride ions in concrete pore
water react with available ferrous ions to form ferrous chlorides (FeCl»), as reported in Eq. 2-23

and as shown in Figure 2-5.

2-13



Literature review on corrosion processes of steel reinforcement in concrete

Fe*" +4Cl° — 2Fe(l, 2-23

Afterwards, given a sufficient amount of water, the gradual hydrolysis of ferrous
chlorides brings to a decrease in pH, and to the concurrent formation of ferrous hydroxides
(Fe(OH)») and the gradual release of chloride (CI') and hydrogen ions (H"). The result is the
development of acid conditions, as highlighted in Eq. 2-24 — known as hydrogen embrittlement,

Figure 2-5.

2FeCl,+4H,0 — 2Fe(OH),+4H" +4Cl" 2-24

The high availability of chloride ions causes an increase in corrosion rate, which results
in a further reduction in pH and in an increased susceptibility of steel reinforcement to
corrosion. It is crucial to note that chloride ions can be present in concrete pore water in different
forms: (i) chloride ions bound to the cement matrix, (ii) chloride ions loosely-bound, and (iii)
free chloride ions in pore solution from external ingress such as the use of unwashed marine
aggregates or sands, extensive use of de-icing salts during winter periods, or chlorides from sea
water. In this context, only free chlorides are responsible for the steel reinforcement
deterioration, (Hope et al., 1985). Conversely, the formation of calcium chloroaluminate
((Ca24l(OH)6)CL.2H>0 or C3ACaCl.10H>0, where C3A stands for tricalcium aluminate) —
which is a compound resulting from the hydration products of cement and chloride — tends to
bind the chloride into concrete. In this configuration, the chloride ions are immobilized,
meaning a reduction in the C.i value and, as a result, a lower susceptibility of steel
reinforcement to corrosion. The simultaneous presence of carbonation-induced corrosion,
however, may cause an increased reduction of pH over time, leading to the instability of calcium
chloroaluminate. This phenomenon involves the release of chloride ions, which bind in the
cement matrix and causes a rapid increase in steel reinforcement corrosion vulnerability.

In general, the following negative effects of chloride ion penetration via diffusion,
absorption and capillarity mechanisms can be summarized, (Hunkeler, 2005):

1. Breakdown of the protective passive layer at interface level between steel and
concrete, enhancing the activation of corrosion process;

2. Reduction of the concrete alkalinity, i.e. reduction of pH value in the concrete
pore water making the passive layer unstable;

3. Increase of the electrical conductivity of concrete;

4. Permeabilization of the passive layer to ferrous ions inducing anodic reactions

without the breakdown of film protection.
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2.4 Types of corrosion

According to different exposure environments, concrete properties, metal or alloy
characteristics and structural design, corrosion may develop in various forms. As schematically
reported in Figure 2-7, corrosion forms have been classified in literature based on:

= Nature of the corrodent: wet and dry corrosion process, (Davis, 2000);

= Appearance of corrosion damage and mechanism of attack: uniform corrosion,
localized corrosion and mechanically-assisted corrosion; each category can be
further subdivided into other specific corrosion forms.

Referring to the nature of corrodents, dry corrosion refers to processes that need the
presence of high-temperature gases, whereas wet corrosion identifies the processes that request
the presence of a liquid or a moisture for the development of REDOX reactions.

Surely, the classification based on the appearance of corrosion damage and the
mechanism of attack is the most refined and the widely adopted. According to Mazumder
(2020), four broad groups can be identified based on the nature of the environment: (i)
electrochemical, (ii) chemical, (iii) biological and (iv) mechanically-assisted corrosion. Since
electrochemical and mechanically-assisted corrosion can be considered as the main corrosion
forms affecting aqueous corrosion of steel embedded in concrete, they will be discussed in
details in the following paragraphs.

In terms of appearance of corrosion damage, which is generally determined by in-situ
visual inspection or magnification techniques, electrochemical corrosion can be divided into
two types: uniform corrosion and localized corrosion. This distinction consists in the extension
of the steel region that cannot sustain passivity. Uniform corrosion is characterized by a uniform
dissolution of steel along the reinforcement length that leads to a higher value of mass loss,
whereas localized corrosion is distinguished by a local dissolution of steel caused by the
formation of local anodes, resulting in a lower level of mass loss but an increased tensile stress
in the reinforcements due to the cross-section area reduction induced by corrosion. Based on
the extension and intensity of local attacks, localized corrosion can be further divided in
macroscopic and microscopic corrosion, respectively. On the one hand, macroscopic corrosion
includes (i) galvanic corrosion (GC), (ii) erosion-corrosion (EC), (iii) pitting corrosion, (iv)
crevice corrosion (CC), (v) exfoliation, and (vi) dealloying corrosion. On the other hand,
microscopic corrosion encloses (1) intergranular corrosion, (ii) stress-corrosion cracking (SCC),
(111) hydrogen embrittlement (HE), and (iv) corrosion fatigue (CF). Since the protective passive

layer of steel reinforcement can be destroyed by the mutual action of applied mechanical forces
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and an aggressive corrosive environment, stress-corrosion cracking, corrosion fatigue,
hydrogen embrittlement and erosion-corrosion can be categorized as mechanically-assisted

corrosion mechanisms.

Corrosion forms
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Appearance of corrosion damage Nature of the
and mechanism of attack corrodent
Uniform Localized Dry Wet
’ Mare noble ‘
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Figure 2-7 Classifications of corrosion forms.
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2.4.1 Uniform or homogenous corrosion

Defined also as “general corrosion”, uniform corrosion is caused primarily by the
action of the atmospheric carbon dioxide penetration, i.e. carbonation-induced corrosion.

This type of corrosion is characterized by a uniform metal consumption along the
entire length of the reinforcement and it is caused by the formation of several microcells placed
closely together. Indeed, the proximity of two opposing charges causes metal to dissolve
uniformly. In any case, general corrosion is considered as an ideal type of corrosion since —
under normal circumstances, and particularly for corrosion of steel embedded in concrete — a
level of non-uniformity takes place. During uniform corrosion, a number of anodes and
cathodes are simultaneously and widely activated on the metal surface and the half-cell

electrodes are constantly changing, resulting in a non-homogeneous metal consumption.

2.4.2 Galvanic corrosion (GC)

Galvanic corrosion is particularly influenced by concrete resistivity and results from
the electric potential generated by the presence of:

- An electric connection of two different metals, inducing a potential difference;
- A conductive solution, usually sea water.

When the previous conditions are satisfied, the less Noble metal becomes the anode
and starts to oxidate, whereas the other — the more Noble metal — becomes the cathode and
corrodes slower. In more detail, the galvanic corrosion rate is determined by the ratio of anodic
and cathodic areas. With the anodic area fixed, the galvanic corrosion rate increases as the

cathodic area increases.

2.4.3 Pitting corrosion

Pitting corrosion is the most common type of chloride-induce corrosion, where pits are
formed by the local breakdown of the protective passive layer of reinforcements. This corrosion
type is distinguished by highly localized metal loss caused by the rapid increase in pit depth
over time. In this scenario, the environment is unable to re-passivate the damaged areas and the
corrosion process becomes self-accelerated and autocatalytic due to the reduction in pH value
and the increased acidity of the environment caused by the high concentration of chloride ions
in the pits’ region. The danger of pitting corrosion stems from its ability to remain unnoticed

until the corrosion process has progressed to the point of brittle failure of reinforcements.
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Several pit type morphology configurations have been defined in literature. Roberge
(2008) identified seven pit type morphology configurations: (i) narrow, (ii) shallow, (iii)
elliptical, (iv) subsurface, (v) undercutting, (vi) horizontal grain attack, and (vii) vertical grain
attack. Based on observations from specimens belonging to existing bridges, Jeon et al. (2019)
defined three different pit type morphology configurations, named hemispherical shape, half-
moon shape and planar shape, for the description of damage morphology induced by corrosion
in strands. Additionally, Wang et al. (2020) classified 119 pits coming from prestressing strands
artificially corroded by distinguishing between spheroidal, saddle and pyramidal pit type
morphology configurations. Anyway, despite the several shapes previously outlined, the
notorious morphology — generally adopted in codes and guidelines such as CONTECVET
manual (2001) —, is the hemispherical configuration defined by Val and Melchers, (D. V. Val,
2007; V. Val & Melchers, 1997).

2.4.4 Crevice corrosion (CC)

Crevice corrosion is a particular form of pitting corrosion occurring in narrow
openings. This form of corrosion generally takes place between metal-to-metal or metal-to-
nonmetal elements.

Because of the differential aeration between the region inside and outside the narrow
opening, favorable conditions for the development of the corrosion process — characterized by
the presence of corrosive chloride solution — arise within a crevice. With the reduction in
oxygen availability, the protective passive layer within the crevice cannot be maintained,
leading to the onset of the corrosion process. The region inside the crevice acts as the anode of
the corrosion process, while the environment region surrounding the crevice — richer in oxygen

— acts as the cathode.

2.4.5 Stress-corrosion cracking (SCC)

Stress-corrosion cracking, abbreviated in literature with the acronym SCC, is one of
the most common mechanically-assisted corrosion mechanisms, and it is particularly relevant
in the case of PC structures with prestressing reinforcements subjected to high stress states.

SCC arises from the combination of internal or external static tensile stress and specific
environmental conditions, and it is influenced by (i) mechanical variables, (i1) metallurgical

variables, as well as (ii1) environmental variables. In field application, stress-corrosion cracking
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does not occur until a minimum stress value in the reinforcements is reached. However, as the
corrosion process progresses, the reinforcement cross-section gradually shrinks, leading to the
formation of cracks perpendicular to the applied stress. As previously stated, this corrosion
form is particularly dangerous in the case of prestressing reinforcements, where even minor

cross-sectional changes can cause failure due to the applied high stress state.

2.4.6 Corrosion fatigue (CF)

Corrosion fatigue is another relevant corrosion form classified as mechanically-
assisted corrosion mechanism. This form of corrosion is caused by the combined action of a
corrosive aggressive environment and the application of cyclic stresses to a metal.

The corrosion environment directly affects the susceptibility of a metal by increasing

the cracking fatigue rate normally induced by the application of cyclic stress.

2.4.7 Hydrogen damage

Hydrogen damage is a term used in the literature to describe the reduction in load-
carrying capacity caused by hydrogen action in conjunction with applied tensile or residual
stresses. Three are the major types of hydrogen damage that can be defined: (a) hydrogen
embrittlement (HE), (b) hydrogen-induced blistering, and (c) cracking from precipitation of
internal hydrogen.

As previously reported in Eq. 2-24, hydrogen ions (H") are formed during corrosion
process as a result of the gradual hydrolysis of ferrous chlorides. The hydrogen ions can then
undergo two distinct processes depending on a number of variables. On the one hand, H" may
recombine to form molecular hydrogen, which bubbles to the specimen surface, leading to a
decrease in hydrogen concentration at the steel-concrete interface. On the other hand, hydrogen
ion recombination may be hindered, favouring the latter’s absorption in the metal material.

Among the three forms of hydrogen damage, hydrogen embrittlement can be
considered the most relevant for steel corrosion embedded in concrete. This form takes place
in acidic environments by the combination of high applied stress to steel and the specific
cathode reaction reported in Eq. 2-25, which implies hydrogen atom formation from the

reduction of hydrogen ions.
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2H +2¢ — 2H° 2-25

Subsequently, the molecular hydrogens (H°) diffuse and dissolve in critical points of
the steel — the most stressed ones. As a result of the gradual accumulation of hydrogen in
stressed zones, cracking phenomena characterized by transgranular or intergranular form occur.

Hydrogen-induced blistering is favored by the precipitation of previously absorbed
molecular hydrogen, at internal voids or laminations. Once a significant gas pressure arises and
accumulates in the void regions just beneath the metal surface, it tends to lift up, causing internal

cracks and metal surface bulging (blistering).

2.5 Main effects

Regardless of the possible types of corrosion, the scientific community agrees on the
main effects associated to corrosion of steel embedded in concrete.
On the one hand, the oxidation of iron into ferrous ions involves the consumption and
the degradation of steel reinforcements that primarily leads to:
- Reduction of cross-section of reinforcements, especially dangerous in the case of
seven-wire prestressing strands with small diameter wires, (L. Wang, Li, et al.,
2020);
- Decay of ultimate mechanical properties of steel in terms of both ultimate strength
and ductility, (A. A. Almusallam, 2001; C. A. Apostolopoulos & Papadakis, 2008;
Ch Alk Apostolopoulos et al., 2006; Cao et al., 2020; Cobo et al., 2011; Darmawan
& Stewart, 2007; L. Franceschini et al., 2022; S. Imperatore & Rinaldi, 2016; Sun
et al., 2018; L. Wang, Li, et al., 2020);
- Reduction in fatigue strength, (C. A. Apostolopoulos & Papadopoulos, 2007; Ch
Alk Apostolopoulos, 2007; Department of Transportation, 1993; Fernandez et al.,
2015; Kashani et al., 2015; S. Li, Tang, Gui, & Ma, 2017; W. Zhang et al., 2012).
These effects have a significant impact on the durability of existing RC and PC
structures. The major consequence is the significant reduction of the overall structural load-
carrying capacity of the corroded member induced by the reduced mechanical resistance, as
well as an increased susceptibility of the reinforcement to brittle fracture instead of a hopeful
ductile behaviour.
On the other hand, additional worsening effects are caused by the formation of rust

products. Concrete cracking and surface defects result from the increasing action of pressure
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forces at the steel-concrete interface caused by reinforcement volume expansion over time,
which is induced by the complex electrochemical reactions of the corrosion process, (Asami &
Kikuchi, 2003; Zhao et al., 2011). The consequences of concrete cracking are:
- Bond decay between concrete and steel, (A. A. Almusallam et al., 1996; Charis
Alk Apostolopoulos et al., 2019; A. Castel et al., 2000b; Coronelli et al., 2019;
Jiang et al., 2018a, 2018b; F. Li & Yuan, 2013; Lin et al., 2019, 2017; Ma et al.,
2017,2017; Mak et al., 2019; F.J. Tang et al., 2014; L. Wang et al., 2018; Y. Yang
etal., 2019);
- Concrete damage such as swellings, delamination, and spalling of concrete cover,
(Andrés A. Torres-Acosta & Castro-Borges, 2013; S. F. Zhang et al., 2011; Zhao
et al., 2012, 2020).

The bond decay implies a further decrease of the overall structural load-carrying
capacity of the corroded member by reducing its anchorage capacity and affecting its failure
mode. Conversely, damage to concrete, especially in the form of longitudinal cracking at the
reinforcement level up to concrete cover spalling, induces an increase in corrosion activity by
establishing preferential pathways for the penetration of external corrosive agents.

As a result, the combination of some or all these factors contributes to the structural
capacity reduction of existing RC and PC members over time, sometime causing unexpected
failures due to the lack of bending, shear, or anchorage resistance without warning signs.

Additionally, the social consequences of corrosion include issues such as (i) public
safety — which includes fires and explosion events triggered by the sudden collapse of structures
and infrastructures —, and (i1) health of occupants of corroded structures — which includes
pollution problems caused by the release of corrosion products or the release of escaping

pollutants from corroded equipment.

2-21



Literature review on corrosion processes of steel reinforcement in concrete

2.5.1 Corrosion of prestressing steel

Since the present Thesis investigates and discusses chloride-induced corrosion of pre-
tensioned prestressing reinforcements in the form of localized pitting corrosion, this section is
addressed in evaluating its primarily effects in-depth.

According to the research conducted by Nurnberger (2002), pitting corrosion, stress-
corrosion cracking, and hydrogen embrittlement are considered to be the most dangerous
corrosion forms occurring in prestressing reinforcement and leading to premature failure
without warning signs. In this context, three types of fracture were identified as a function of
load conditions, prestressing reinforcement properties and corrosion processes:

1. Brittle fracture caused by the exceeding in residual load capacity. This type of
failure is generally induced by localized pitting corrosion and hydrogen
embrittlement;

2. Fracture caused by hydrogen that induces stress-corrosion cracking;

3. Fractures caused by fatigue.

In this context, corrosion of prestressing steel can be considered more serious than
ordinary reinforcing steel for several reasons, (Lopes & Simdes, 1999).

First, prestressing strands are subjected to high tensional states during their service life
— ranging from 70% to 85% of their ultimate strength — and are characterized by small wire
diameters. The combination of these two features yields prestressing reinforcements
particularly prone to catastrophic rupture induced by pitting corrosion, especially when
combined with fatigue load, stress corrosion cracking and hydrogen embrittlement, (F. Li et al.,
2011). In particular, a small cross-section reduction caused by corrosion can turn into a
significant decay in the mechanical properties of prestressing reinforcements, (Giriraju et al.,
2022; Chi Ho Jeon et al., 2019; X. Liu et al., 2017; Z. H. Lu et al., 2016; L. Wang, Li, et al.,
2020). Moreover, prestressing strands have a high surface area to volume ratio when compared
to ordinary rebars, implying a larger surface area that may be affected by corrosion processes.

Second, corrosion significantly affects the fatigue resistance of prestressing
reinforcements and fatigue life of deteriorated PC members. To address this issue, Li et al.
(2017) experimentally investigated the combined action of chloride corrosion and fatigue
through the analysis of twelve PC beams characterized by different actions combination,
highlighting that the fatigue intensity increase plays a key role in the increase of the corrosion
level of prestressing reinforcements. Moreover, Liu et al. (2017) and Jia et al. (2011) pointed

out that the increase in corrosion level and loading cycles leads to the significant reduction of
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both ultimate strength and ultimate strain of corroded prestressing wires. Yu et al. (2011)
observed that the fatigue capacity of corroded PC beams reduces with the increase in corrosion
level, resulting in higher deflection and crack widths. In this context, Liu et al. (2023) conducted
an experimental campaign on thirteen PC beams artificially corroded and subsequently tested
via high-cycle fatigue testing. The obtained results revealed that the fatigue life of the
investigated PC beam is significantly affected and characterized by the fatigue fracture of the
corroded tensile reinforcements that occurred at the minimum cross section where a severe
corrosion pit was observed. Similar outcomes were also noticed by Zhang et al. (2016).
Additionally, Su et al. (2022) proposed an analytical approach for the prediction of the fatigue
life assessment of PC beams subjected to the combined action of corrosion and fatigue.

Third, bond decay and prestressing reduction due to corrosion has been documented
in scientific literature by taking care to distinguish between pre-tensioned and post-tensioned
corroded PC members, (Vereecken et al., 2021). Specifically, it is worth noting that the
behavior of pre-tensioned PC members is more affected by bond between strand and concrete
than post-tensioned one, where the prestressing force in strand is mainly transferred to the
member by end anchorage system, (L. Wang et al., 2018). Similarly to ordinary rebars, the
residual bond strength of pre-tensioned PC members is strongly influenced by (i) the concrete
confinement reduction caused by the volume expansion of rust products and (ii) the transversal
reinforcement cross-section reduction. However, the primarily difference with ordinary rebars
consists in the prestressing strand twisting during the slip process. In this research field, Wang
et al. (2017) first proposed a simplified model to describe the progressive bond degradation at
steel-concrete interface by analyzing the experimental outcomes of 10 pull-out tests,
characterized by corrosion level variability. According to the simplified model, the normalized
bond strength remains constant until the reaching of a critical mass loss threshold of 6%, then,
an exponential decay law was proposed. However, two years later, the same authors suggested
a new model based on the experimental results obtained by performing beam tests on a total of
nine pre-tensioned artificially corroded PC beams, (L. Wang et al., 2018). According to the
improved model, an adjusted critical mass loss threshold of 5.25% and a following linear decay
law were introduced. For completeness, Li & Yuan (2013) performed 12 pull-out tests, showing
that the experimental bond-slip curve of corroded and un-corroded specimens changed due to
corrosion. In fact, a tri-segments relationship was observed for the un-corroded scenario, which
consisted of an ascending, a horizontal, and a descending branch; whereas the corroded bond-
slip was only characterized by ascending and descending branches. Additionally, Imperatore et

al. (2021) conducted several pull-out tests on corroded prestressing strands, noticing that a
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significant reduction of the peak bond strength coupled to a variation in the shape of the curve
occur.

In addition, further factors promoting corrosion in pre-tensioned PC members are
listed in the following:

= Poor construction practice, such as inadequate concrete cover thickness,
improper vibration of concrete, or use of poor quality concrete;

=  Presence of chlorides from mix water or unwashed aggregates;

= Joints inadequately sealed and airtight and/or watertight.

Briefly mention to the post-tensioning technique, relevant aspects are the inadequate
sealing of the duct as well as the mechanical performance and chemical composition of the
grout components, where the use of unwashed marine aggregates or sands rich in chloride ions
together with voids in the grout, may promote the chloride-induced corrosion, (X. Zhang,
Wang, Zhang, & Liu, 2017a). Moreover, the presence of damage or holes in the duct accelerates
the penetration of chloride ions caused by the use of de-icing salts or sea water, (National
Physical Laboratory, 2020). In this regard, significant factors affecting corrosion in post-
tensioned PC members are:

= Inadequate anchorage system protection;

= Poor construction practice;

= Inadequate sheathing and poor grouting;

= Poor quality duct, voids in the duct and/or non-watertight duct.

The deterioration of anchorage systems can lead to the sudden failure of PC members.
Although the interaction between corrosion process and anchorage system type differs as a
function of the adopted prestressing technique, similar features can be pointed out. Indeed,
anchorage corrosion generally occurs due to the combination of direct ingress of chlorides
and/or atmospheric carbon dioxide and the inadequate protection of the anchorage system,
resulting in a significant decay of bond capacity that may cause the premature failure of the
structural member, (A. A. Almusallam et al., 1996; Coronelli et al., 2019; Jiang et al., 2018a;
L. Wang et al., 2018). To prevent this failure type, frequent visual inspection activities must be

conducted in accordance with the maintenance protocol recommendations.
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2.6 Consequences of climate change on corrosion process

Recently, climate change has become a crucial topic of debate among scientific
communities worldwide, especially driven by the Intergovernmental Panel on Climate Change
(IPCC), (2013, 2014). This phenomenon is triggered by global warming, which is generally
recognized as the main cause of the worsening actions of natural weather events such as storms,
heatwaves, hurricanes, and floodings.

Climate change evolution and related future risks are probabilistically predicted
through one of the six potential greenhouse gas emission scenarios established in the Special
Report on Emissions Scenarios (SRES), (Nakicenovic et al., 2000), named A1FI (the most
pessimistic) — RCP8.5 — RCP6.0 — RCP4.5 (the more realistic) — RCP2.6 — B1 (the most
optimistic). The acronym RCP stands for Representative Concentration Pathway, while the
following number is the approximate Radiative Forcing (RF), expressed in W/m?. As defined
by Nasr et al. (2019), the RF is a measure of the change in energy flux per surface area where
positive values mean surface warming, whereas negative ones mean surface cooling. Under
these scenarios, the uncertainties of climate change probabilistic predictions result particularly
related to the estimated evolution of greenhouse gas emission.

Several are the effects associated with climate change over time; the main risks in the
case of existing structures and infrastructures are two, (Nogal et al., 2021):

» The growth in intensity and frequency of natural hazards, which increases the
risk of severe structural damage to new and existing structures and
infrastructures, potentially resulting in economic and human losses, (United
Nations Office for Disaster Risk Reduction, 2019). Therefore, structural loads,
such as snow-load, wind-load, and thermal-load, subsequently increase in
intensity and frequency, resulting in the overloading of existing structures and
infrastructures.

* Durability reduction, which is affected by climate change-induced factors
such as: (1) higher and lower precipitation in some regions, (ii) higher
temperatures, (ii1) increase and decrease in relative humidity, (iv) sea level
rise (coastal and marine regions), (v) higher carbon dioxide concentration, and
(vi) higher solar radiation. In this context, due to their long service life and the
high exposure to natural hazards, bridges are considered as one of the most
vulnerable infrastructure to climate change risks, (Kumar & Imam, 2013;

Mondoro et al., 2018).
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Referring explicitly to corrosion of RC and PC structures, climate change directly
impacts the corrosion process by altering (i) the ambient temperature, (ii) the relative humidity,
and (ii1) the carbon dioxide concentration level. The proper evaluation of the corrosion risks
triggered by climate change effects is then dependent on the geographical location, the adopted
construction technique, the age of the structure, and the adopted maintenance strategies, (Sousa
et al., 2020). Analyzing the durability issue, the decrease in relative humidity leads to the
consequent increase in shrinkage losses, while creep losses are promoted by the lower relative
humidity over land and the higher temperatures that accelerate the concrete creep rate of
concrete, (Bazant & Panula, 1978; Vandamme et al., 2013).

The aggressiveness of carbonation-induced corrosion is determined by the availability
of carbon dioxide (CO-) and its penetration rate together with the temperature and the relative
humidity of the environment. Temperature and relative humidity changes increase the rate of
carbon dioxide penetration and accelerate the rate of REDOX reactions, such as CO»
dissolution. According to the works conducted by Saha & Eckelman and Talukdar et al., (Saha
& Eckelman, 2014; Talukdar et al., 2012), a 45% increase in carbonation depth values is
expected by 2100 when compared to the year-2000 baseline by adopting the RCP8.5 scenario.

Chloride-induced corrosion appears to be less affected by climate change, even though
changes in temperature and relative humidity have a significant impact on the diffusion
coefficient of chloride ions as well as on its threshold concentration, Ce. Among the potential
extreme natural hazards caused by climate change, rising sea levels and heavy snows, are two
major factors influencing chloride-induced corrosion (United Nations Office for Disaster Risk
Reduction, 2020). According to EN 206 (CEN, 2014), the definition of the exposure classes
depends on the proximity of structures and infrastructures to the sea. However, the appropriate
exposure class may vary over time as due to climate change creating more aggressive
environments. Moreover, the increased frequency of heavy snow events and freeze-thaw cycles
requires the use of de-icing salts on a more frequent basis than in the past to ensure the
maintenance and operation of transportation lines. To this subject, assuming the RCP8.5
greenhouse gas emission scenario and year-2000 baseline, a 15% increase in chloride
concentration at reinforcement level is expected by 2100, (Xie et al., 2018). Furthermore,
Bastidas-Arteaga et al. (E. Bastidas-Arteaga et al., 2010; E. Bastidas-Arteaga et al., 2013)
predicted a lifetime reduction of RC structures of up to 18% and 31%, respectively, in terms of

the period of corrosion initiation and the collapse of the structure.
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3.2 Historical collapses due to corrosion: a timeline

Since 2000, a total of one-hundred fifteen bridge collapses have been registered around
the globe as a result of natural or man-made hazards — such as floods, storms, tsunamis,
earthquakes, and vehicle impacts, (Deng et al., 2016). Conversely, some collapses occurred
during regular bridge service life and under normal operating circumstances, generally with no
significant warning signs, (Morgese et al., 2020). Referring to Imhof’s database created in 2004
(Imhof, 2004), and containing three hundred forty-seven bridge failures during a period ranging
from 1813 to 2004 — environmental deterioration was found to be the cause of 2.3% of the
analyzed collapses. A technical report published in 2013 and sponsored by the Multidisciplinary
Centre of Earthquake Engineering Research (G. C. Lee et al., 2013), stated that environmental
deterioration was responsible for 6.3% of the 1062 bridge collapses occurred in USA between
1980 and 2012. Furthermore, a study conducted by Schief}l & Mayer (2007) and readapted by
the fib Bulletin 59 (2011) pointed out that the 69% of the bridges deterioration issues of German
motorway network was due to corrosion; 66% induced by chloride attack and the remaining
3% by carbonation. Based on the available outcomes, it is evident how environmental
deterioration — in particular corrosion — should be considered as a relevant failure cause.

Whitin this framework, the present 7Thesis identifies the collapses or the heavily
damaged prestressed concrete bridges that have been recorded over the last sixty years, through
the timeline shown in Figure 3-1. For the sake of completeness, Table 3-1 also reports the
relevant information for each analyzed prestressed structure by listing: (i) the name, (ii) the
reference country, (iii) the level of damage, (iv) the type of corrosion that caused the collapse,
and (v) the number of fatalities and injuries — where N/A means that no data is available.
Relevant references are provided for further information.

It 1s worth noting that the majority of the investigated bridges are post-tensioned and
chloride-induced corrosion was the primary cause of heavy damage or even rupture of
prestressing reinforcements. As observed in the previous chapter, the aggressive environment
plays a fundamental role in the corrosion process. Indeed, bridges located in marine or coastal
regions are constantly exposed to the presence of sea salt aerosol (hence chloride ions attack),
while others are in damp environments typical of lagoon or river crossing areas, resulting in
localized corrosion after relative short periods of exposure. Examples include the Santo Stefano
Bridge in Italy, the Kure-tsubo Bridge in Japan, the Sorell Causeway Bridge in Australia and
the Hamanatua Stream Bridge in New Zealand. Conversely, bridges located in mountain areas

can suffer from the deteriorating effect caused by the extensive use of de-icing salts during the
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winter period, which triggers the localized corrosion of reinforcements due to the percolation
and diffusion of chloride ions, as happened with the Ynys-y-Gwas Bridge in Great Britain or
the Polcevera Viaduct in Italy. Furthermore, other collapses, including the Silver Bridge in the
US and the Berlin Congress Hall in Germany, failed due to stress corrosion cracking, which
can be extremely dangerous in the case of prestressing reinforcements that are constantly

subjected to high stress states throughout their service life (Schupack & Suarez, 1982).
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Figure 3-1 Timeline of principal collapses and heavy damaged bridge from 1960.

Despite some collapses occurred from 1960 to 1980, it was after the partially collapse
of the Berlin Congress Hall and the total collapse of the Ynys-y-Gwas Bridge, that the scientific
community became more interested in the corrosion of prestressed reinforcements. The sudden
partial collapse of the roof of the Berlin Congress Hall, on May 21, 1980, after twenty-three
years of service, had worldwide resonance because of the building historical and political

significance. Indeed, the Congress Hall was gifted from the United States to Germany during
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the 1956 International Exhibition for Construction as a symbol of freedom following World
War II (Helmerich & Zunkel, 2014). The causes of the partial collapse of the roof, which
resulted in one fatality and several injuries, were discovered in the failure of ten tendons
presenting a high level of corrosion, particularly in the area near the final groove of the ring
beam, Figure 3-2.

Conversely, the unexpected collapse of the Ynys-y-Gwas Bridge on December 4,
1985, after thirty-two years of service, was not only the first collapse of a PC highway bridge
in the UK, but it also highlighted the major issues associated with corrosion of PC structures
(Woodward & Williams, 1988). Indeed, after intensive investigation, severe corrosion of
prestressing tendons was discovered to be one of the primary causes of the segmental post-
tensioned deck collapse, Figure 3-3. The chloride-induced corrosion — probably caused by the
percolation of de-icing salts and the use of dune sand in the mortar — was triggered by a
combination of several bridge-condition-related issues:

- Ineffective waterproofing system (unable to limit the percolation of chloride ions

of de-icing salt);
- Inadequate protection system of prestressing reinforcements (bad quality of grout);
- Corrosive environment (high humidity near the river);

- Poor workmanship;

- Presence of voids in the grouting.

Figure 3-2 Partial collapse of the Berlin Congress Hall, reproduced from (Plank et al., 1981).
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D 12964

Figure 3-3 Collapse of the Ynys-y-Gwas Bridge, (Woodward & Williams, 1988).
Reproduced with permission from ICE Publishing.

Referring to Italy, the collapse of the Santo Stefano Bridge (1999) in Messina and the
sudden collapse of the Polcevera Viaduct in Genoa on August 14, 2018, can be considered as
the most significant collapses of the last two decades.

The first collapse shocked the scientific community not because of its catastrophic
nature — the bridge collapsed under permanent loads when no vehicles were passing through —
but because of its ability to highlight the vulnerability to corrosion of the Italian road network’s
viaducts and bridges. As pointed out by Colajanni et al. (2016), the use of precast PC segments
with post-tensioned technologies is commonly used in Italy due to their structural flexibility.
Therefore, the collapse of the Santo Stefano Bridge was a key event in the field of bridge
engineering, prompting the drafting of new guidelines, ("Linee guida per la classificazione e
gestione del rischio, la valutazione della sicurezza ed il monitoraggio dei ponti esistenti",
Ministero delle Infrastrutture e della Mobilita Sostenibili, 2022), with the aim of ensuring high
levels of safety and reliability of Italian viaducts and bridges through a careful evaluation and
monitoring process for the periodic assessment of the deterioration level and relative remaining
service life of Italian infrastructures. Conversely, the catastrophic collapse of the Polcevera
Viaduct (Morandi’s Bridge), which caused the death of forty-three people, had a global media
impact since it was an important transport link that connected the Mediterranean Sea to several

European countries and it was considered as a prestressed concrete masterpiece, Figure 3-4.
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This failure generated heated discussion among engineers since the bridge already showed
corrosion deficiencies after a short period of time from the inauguration, emphasising the
importance of a monitoring control and retrofitting of some parts. Pier 11, indeed, was
retrofitted by replacing the deteriorated suspending cables. The main reasons affecting the
Polcevera viaduct collapse are still under investigation. Nevertheless, according to Nuti et al.
(2020), Polcevera collapse can be considered as the first large-scale bridge failure that, in
addition to other concomitant involved factors, was affected by the corrosion-induced structural

capacity decay, which reduced the mechanical properties of prestressing reinforcements.

Figure 3-4 Collapse of the Polcevera Viaduct. (https://theconversation.com/genoa-bridge-collapse-
maintaining-these-structures-is-a-constant-battle-against-traffic-and-decay-101627).

Table 3-1 Features of bridges and structures subjected to heavy damages or collapsed due to corrosion.

Type of corrosion

Reference Country Name Damage (fatalities)
(G.C. Leeetal., Stress corrosion and
2013; Morgese etal.,  US Silver Bridge Collapsed fatigue corrosion
2020) (46 fatalities; 9 injuries)
(The National .
Bickton Mead, H
Academy of Science, UK e on. eadows cavy Chloride-corrosion
Footbridge Damaged
2000)
(Podolny, 1992) France A River Brid, Heavy Chloride-corrosion
v, zergues River Bridge Damaged
(Imhof, 2004) AUT Reichsbrucke Collapsed *N/A (1 fatality)
(Helmerich & Zunkel, . Partially Stress corrosion
B H
2014) Germany erlin Congress Hall Collapsed (1 fatality + injuries)
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H
(Imhof, 2004) Venezuela Maracaibo Bridge cavy *N/A
Damaged
Woodward & . .
g’\/iﬁioan\:/silrl 988) UK Ynys-y-Gwas Bridge Collapsed Chloride-corrosion
(Youn & Kim, 2017)  Belgium Malle Bridge Collapsed Chloride-corrosion
(Imhof, 2004) Belgium Bridge Schelde Collapsed *N/A
. . Bob Graham Sunshi H . .
(Trejo et al., 2009) Florida, US oo rd a.m wsine cavy Chloride-corrosion
Skyway Bridge Damaged
Colajanni et al. ) .
; 0(1) g;]anm etat Messina, IT ~ Santo Stefano Bridge  Collapsed Marine aerosol
Tanaka Y. et al.
g 02(1)112)1 at.etad Japan Kure-tsubo Bridge Demolished Coastal environment
oy . . . Heavy
(Pillai et al., 2010) Florida, US Niles Channel Bridge Salt-water
Damaged
(El Menoufy & Lowe's Motor . .
11 1 hl
Soudki, 2014) US Speedway Bridge Collapsed Calcium chloride
Pillai et al., 2010; . H . .
Efrlejzleet ;i” 200 9)’ Florida, US  Mid-Bay Bridge Dzzlzge d Chloride-corrosion
H
(Valiente, 2001) ESP *N/A cavy Stress corrosion
Damaged
(Costa & Appleton, Heavy . .
P l- *N/A hl -
2002) ortuga / Damaged Chloride-corrosion
(Pape & Melcher, Australia So;iell Causeway Demolished Marine environment
2013) Bridge
Hamanatua Stream . .
(Bruce et al., 2008) New Zealand . Damaged Marine environment
Bridge
H t al, 2007); o H . .
EP;I;S:; ZL? 2010 ) Virginia, US  Varina-Enon Bridge Dzigge d Chloride-corrosion
M t al., 2020;
(Morgese et al., > Minnesota, Minnesota I-35W *N/A
Salem & Helmy, . Collapsed . -
(0N Bridge (13 fatalitiest+145 inj.)
2014)
(Rogers et al., 2012) New Zealand  Tiwai Point Bridge Demolished Coastal environment
. Chloride- i
(Anania et al., 2018) Licata, IT Petrulla Bridge Collapsed .O.rl .e COTTosIon
(4 injuries)
B hi et al. .
(2 Oallgucc tetal, Lecco, IT Annone Overpass Collapsed *N/A (1 fatality)
(Calvi et al., 2019; Marine environment
Morgese et al., 2020; Genoa, IT Polcevera Viaduct Collapsed
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3.3 Cost of corrosion

The effects of corrosion can be: (i) direct, with a significant impact on the service life
and ultimate structural capacity of a corroded member, or (ii) indirect, affecting administration
of public and private authorities through corrosion costs for maintenance, repair, retrofitting
and/or reconstruction of damaged structures and infrastructures.

Analyzing indirect effects, it has been estimated that the annual corrosion cost of a
country ranges between 1% and 5% of the gross national product (GNP), (Javaherdashti, 2017).
A similar situation has been depicted by a recent survey carried out by NACE International in
2016, (Koch et al., 2016), where the authors claimed that the global cost of corrosion is equal
to $2.5 trillion, which corresponds approximately to the 3.4% of the global gross domestic
product (GDP). In this ranking, Europe shows an alarming trend with a corrosion cost equal to
3.8% ofits GDP. The industry sector is the most affected one with a cost of about $401 billion,
followed by the services sector at $297 billion and agriculture at approximately $3.5 billion.
Focusing on Italy, the service sector is the most severely impacted ($1.5 billion), followed by
industry ($0.5 billion), while agriculture appears to be only marginally affected by corrosion
issues ($0.04 billion).

According to the National Institute of Standard and Technologies (NIST), in
collaboration with the Battelle Columbus Laboratories (1995), the corrosion cost of metals in
the United States amounts to approximately $276 billion per year, which corresponds to 3.1%
of the U.S. GDP, (Hansson, 2011; Kruger, 2011). In particular, the corrosion costs related to
bridge heritage sum up to $8.3 billion per year, (Schmitt et al., 2009).

Sarcastically, the catastrophic financial burden caused by corrosion issues is clearly
shown in Figure 3-5, which compares the U.S. direct costs related to corrosion — too often
neglected in political debates — with the costs related to health issues such as smoking and
obesity, or climate-related issue such as storms and hurricanes — which are, on the contrary,
under the media spotlight, (U. M. Angst, 2018). The cost of a single intervention to repair
corrosion-related damage can range from thousands of dollars, to repair a corroded electrical
pylon or to renovate a parking deck corroded during its service life by the intensive use of de-
icing salts, to millions of dollars for the reconstruction of a collapsed bridge or to ensure the

safety of a nuclear power plant.
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Direct costs in the U.S.
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Figure 3-5 Relevance of corrosion costs on the U.S. economy, reproduced from Angst (2018).

In general terms, the following economic consequences influencing corrosion costs
can be listed, (Davis, 2000):

= Preventive maintenance;

= Overdesign taking into account possible corrosion damage;

= Replacement, repair or retrofitting of corroded structures and infrastructures;

=  Shutdown of structures and infrastructures due to corrosion evidence;

= Loss of efficiency, related to the partial use of a corroded structure or
infrastructure (for example, a bridge partially closed to traffic);

= Damage to structures or infrastructure adjacent to collapsed ones due to
corrosion issues.

Additionally, it is possible to identify several factors that positively or negatively
influence corrosion costs. The main factors that help public and private authorities to decrease
corrosion costs are (a) scientific research and increased knowledge concerning corrosion
processes and mechanisms; (b) the application of new technology in construction and industrial
sectors, allowing to prevention of corrosion; and (c) the proper application of new available
methods to prevent and control corrosion such as inhibitors or coatings methodology. On the
other hand, factors that cause the increase in corrosion costs are (a) the unchecked and

unjustified extension of the service life of buildings and infrastructures; (b) deferred
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maintenance, which allows the unhindered development of corrosion over time; and (c) the
extensive urbanization in hostile and aggressive environments. To this end, a survey by the
American Society of Civil Engineers (ASCE) and the Federal Highway Administration
(FHWA) on the United States’ bridge heritage revealed that 30% of existing bridges have
already exceeded their service life, (Federal Highway Administration, 2006). Similarly, Polder
et al. (2012) pointed out that the majority of Dutch bridges are approaching their 50 year service
life. Thus, in the near future, the age profile of existing structures and infrastructure in
developed countries will impact corrosion costs by increasing repair and maintenance costs,
whereas emerging countries will face a significant expansion of structural heritage necessitating
the design of durable new buildings and infrastructures, (U. M. Angst, 2018).

Finally, referring to climate change issues, it is important to note that an international
study conducted by the United Nations Office for Disaster Risk Reduction entitled “Making
Critical Infrastructure Resilient” (2020) discovered that European economic losses due to
infrastructure damage as a consequence of extreme weather events amount to approximately
€9.3 billion per year, with this figure expected to rise to €37 billion by 2080. In particular,
extreme weather conditions have a significant impact on the transportation sector, resulting in

an annual economic loss of approximately €0.8 billion.
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3.4 Mechanical performance of corroded PC beams

3.4.1 Natural corrosion vs. Artificial accelerated process

In the aftermath of disasters or extreme events caused by corrosion, such as a RC or
PC bridge collapse, intensive experimental campaigns are commonly conducted to study the
mechanical behaviour and residual load-carrying capacity of RC and PC members subjected to
carbonation-induced or chloride-induced corrosion.

From an experimental and laboratory point of view, chloride-induced corrosion can be
naturally triggered or artificially accelerated by applying several techniques. Although
specimens subjected to natural corrosion properly reproduce the effective degradation process
undergone by the structural element during its service life, they turn out to be rare and difficult
to find since they result from long experimental campaigns or are recovered from
decommissioned structures such as bridges, power plants or buildings. Moreover, the outcomes
obtained by testing naturally corroded specimens are strongly influenced by the actual
environment, exposure time, aggressive agent concentration and type of corrosion involved,
causing problems in the comparison of different experimental outcomes. When compared to
natural corrosion, artificial accelerated corrosion can be performed within a short period of
time. However, researchers generally agree that artificially accelerated methods produce
different corrosion characteristics and effects on the investigated structural element than those
induced by natural environmental attack, especially if high values of corrosion rate are adopted.
The greatest constraint in the interpretation of the obtained results lies in the high variability
induced by differences in dimensions and characteristics of the tested specimens, test conditions
and methodologies applied.

According to the comparative review carried out by Feng et al. (2021), three groups of
accelerated methods can be defined:

=  Impressed Current (IC);
= Chloride Ion Diffusion (CID);
= Artificial Climate Environment (ACE).

In laboratory activities, IC method is the most commonly used technique to accelerate
the corrosion process. The major benefit consists in the time saved in reaching the desired
corrosion level through the application of an electrochemical potential between the anode and
cathode regions of steel reinforcement. The ACE method involves the use of an appropriate
chamber to simulate the splash and spray conditions of natural environments and, unlike the IC

method, promotes corrosion by accelerating chloride ion ingress without the application of
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current. Finally, the CID method is mainly applied to shorten the initiation period of the
corrosion process by accelerating the chloride ions diffusion using an electric field, (Geng et
al., 2008). However, since the CID method has no direct impact on the propagation phase of
corrosion, only a limited number of studies have been carried out to evaluate its efficiency in
reproducing the effects of the natural corrosion process. Due to their widespread use in
laboratory-based experimental tests, the IC and ACE methods are examined further in the

following paragraphs.

3.4.1.1 Impressed Current (IC) method

The IC method involves the use of a direct current power supply that induces corrosion
in the reinforcements embedded in concrete by applying an electrochemical potential between
anode and cathode. To this aim, the current power supply is regulated to apply a constant
impressed current to the specimen, generally immersed into a NaCl or CaCl; solution during
the testing period, t.s. The NaCl solution reproduces the effects associated to sea water,
whereas the CaCl> solution can be adopted to investigate the use of de-icing salt consequences.
The testing period varies from hours to months as a function of the desired corrosion level and

it is calculated using Faraday’s law, as shown in Eq. 3-1:

. e
ttest [S] — 6 77 nspeclmen Faraday 3_ 1

current[ A]- M. specimen
where 7 is the desired mass loss after the corrosion process, Mipecimen 1s the molar mass of the
steel reinforcement, npecimen 1S the steel valence, set equal to 2, Craraday 1s the Faraday constant,
equal to 96480 and £ is a constant set equal to 1 for bare bars, and higher than 1 for the embedded
specimens, (Imperatore et al., 2017).

Four IC methods have been defined in scientific literature as a function of the counter
electrode position and electrolyte, named: (a) soaking method, (b) part soaking method, (c)
surface soaking method, and (d) embedded auxiliary electrode method, (J. Chen et al., 2020).
A schematic representation of each IC method is reported in Figure 3-6.

Regardless of the type of IC method adopted, the main advantages are:

(1) Time-saving due to the celerity of corrosion process compared to natural

corrosion;

(1)  Applicability to full-scale specimens due to its adjustable nature obtained by

using a current power regulator;

(ii1))  Control of corrosion rate by setting relevant parameters such as current density,

salt solution concentration and external load.

3-12



Literature review on corroded PC beams and reinforcements

1 ]

+ | DC power M _DC power
L] [ ° °
L I
solution concretes | . COMCIeRG. -, 4. -,
;;;;;;;;;;;; — gy - _J’ rd
AN LI . “reinforcement
3 . ) | solution _ )
anxiliary eléctrode augiliary eléctrode
e o i [
r - 5| L r >
(a) Soaking method, SM (b) Part soaking method, PSM
DC power
E " ’ DC
wer
L] + _DCpo
| I— L] L]
sponge saturated by solution,
coated with stainless wire mesh
e
concrete + | . . -
. sy, concrete <+ .
‘. “wreinforcement A A A
- r W, a a
L " B e dreinforcement
g =0 . * . aviliary electrode
a o 4 e T
sponge saturated by solution, ! e
coated with stainless wire mesh <

(d) Embedded auxiliary electrode method,

Surf: I thod, SCM
(c) Surface coating method, EEM

Figure 3-6 Schematic representation of IC methods: (a) soaking method, (b) part soaking
method, (¢) surface coating method and (d) embedded auxiliary electrode method, (J. Chen et al.,
2020). Reproduced with permission from Elsevier.

Nonetheless, the biggest issue consists in the wide range of testing configurations,
especially in the selection of the appropriate applied current density value, /... Referring to
scientific literature, the range of natural current density varies between 0.1 pA/cm? and 10
nA/cm? with some exceptional cases reaching a value equal to 100 pA/cm? due to the seasonal
change in weather conditions, (Alonso et al., 1998). Conversely, in the case of artificially
accelerated methods, a wider range in Lo values varying between 0.04 pA/cm? to 900 pA/cm?
for the studies conducted by Yang et al. (2018) and Hariche et al. (2012) is observed. The
primary consequence is the inability of the IC method to actually reproduce the deterioration
effects induced by natural corrosion when high current density values are applied. In light of
this issue, Maaddawy and Soudki investigated the variability of reinforcement strain as a
function of applied current density values varying from 100 pA/cm? to 500 pA/cm?, (T. A. El
Maaddawy & Soudki, 2003). The obtained outcomes showed that — for the same time of current

application during test — higher reinforcement strain can be measured with the increase in
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applied current density. Additionally, the same authors set the critical /... threshold value at
200 pA/cm? above which the crack pattern, in terms of crack width induced by corrosion, is
strongly affected due to a more extensive rust expansion. Furthermore, according to Rodriguez
et al. (1997), applied current density values higher than 100 pA/cm?, which corresponds to ten
times the current density measured in highly corroding concrete structures, tend to be
ineffective in reproducing the morphology of localized pitting corrosion because of its tendency

to induce uniform corrosion patterns in the reinforcements.

3.4.1.2 Artificial Climate Environment (ACE) method

Unlike the IC method, current density is not applied in the ACE method, leading to a
more realistic representation of the natural diffusion process of chloride ions towards the
embedded steel reinforcements.

During the ACE method, the tested specimens are placed into an environmental
chamber that mimics natural exposure conditions by controlling temperature, relative humidity,
and oxygen concentration. Furthermore, spray nozzles are installed — typically at the upper and
lower corners of the environmental chamber — to recreate wet-dry cycles through salt-water
spraying, (Yuan et al., 2007). For the sake of clarity, Figure 3-7 shows a schematic
representation of the environmental chamber commonly adopted for conducting the ACE
method. The major advantage in the use of the ACE methodology over the IC method consists
in a more accurate representation of the natural corrosion process, especially for localized

pitting corrosion.

Figure 3-7 Schematic representation of ACE method, (I. Khan et al., 2014). Reproduced with
permission from Springer Nature.
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3.4.2 The residual response of PC beams

Despite numerous experimental works have been carried out on corroded RC beams,
a scarcity of research has been devoted to providing information on the residual flexural and
shear structural resistance of corroded PC beams.

Since the present Thesis deals with the evaluation of naturally corroded pre-tensioned
PC beams, a general overview of the experimental tests conducted worldwide on corroded RC
beams is reported in Appendix A.1. This latter lists the experimental campaigns conducted from
1990 to 2022, thereby extending the survey carried out by Soltani et al. (2019), to investigate
the flexural and shear behaviour of corroded RC beams available in scientific literature.
Referring to PC members, the State-of-the-Art proposes a first summary of the experimental
research conducted on the residual flexural and shear capacity of post-tensioned PC beams,
then the experimental campaigns conducted on pre-tensioned PC beams are analyzed in depth.

The decision to analyze the two prestressing techniques separately is based on (i) the
different corrosion activation phenomena, (ii) the different resistant mechanisms of the two
systems involved to respond to corrosion, and (iii) the different adopted anchorage systems,
(Kioumarsi et al., 2021). On the one hand, corrosion in pre-tensioned beams causes the
resistance and/or ductility decay due to the mutual reduction of reinforcement cross-section and
bond strength, resulting in the subsequently reduction of the prestressing force. On the other
hand, corrosion in post-tensioned beams can be marginally affected by bond reduction and may
be influenced by grout injection defects.

Finally, challenges and open issues concerning the assessment of the residual load-

carrying capacity of corroded PC beams is discussed.
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3.4.2.1 Post-tensioned PC beams

To the best of the author’s knowledge, 13 experimental works on post-tensioned PC
beams have been conducted concerning the corrosion topic. Among them, only one research
dealt with the analysis of two 34 year-old naturally corroded PC beams that during their service
life were subjected to the severe coastal environment of the Kure-tsubo Bridge in Japan,
(Tanaka Y. et al., 2001); whereas, the remaining studies investigated the corrosion effects by
adopting the accelerated impressed current technique (IC) through the laboratory application of
different current density values and exposure times.

As reported in Table 3-2, all of the experimental works tested scaled PC beams
characterized by a rectangular cross-section with heigh, 4, and width, b, ranging between 100
mm + 400 mm and 200 mm + 450 mm, respectively, except for the T-shape cross-section of
the two naturally corroded beams retrieved from the Kure-tsubo Bridge. These latter had
significant lengths, L, of 39.34 m and 21.15 m, respectively, while the beam length assumed in
the other works varied between 1.6 + 6.3 m.

In terms of reinforcements, seven-wires prestressing strands with an equivalent
diameter of 15.2 mm were used in eight of the thirteen available experimental campaigns, while
the 12.7 mm equivalent diameter was adopted in the experimental work by Youn & Kim (2006).
In addition, the PC beams tested by Tanaka et al. (2001), Coronelli et al. (2009) and Minh et al.
(2007) were reinforced with 5-mm, 8-mm and 9-mm prestressing wires, respectively. Top and
bottom longitudinal reinforcements as well as stirrups with different spacing at bending and
shear zones were generally used, except for the Serie-A beams in Minh et al. (2007) research,
which were characterized by the sole presence of a linear 9-mm prestressing wire. The majority
of laboratory tests investigated the residual load-carrying capacity of corroded PC beams by
adopting a four-point bending loading scheme, except for the studies conducted by Recupero
& Spinella (2019) and Jeon & Shim (Chi Ho Jeon & Shim, 2020), where the deteriorated
behaviour of corroded beams was analyzed by adopting a three-point bending test set-up, Table
3-2. It is worth noting that these latter experimental activities were the only ones adopting

multiple strands, placed in a singular prestressing cable.
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Table 3-2 State-of-the-Art on post-tensioned corroded PC beams: geometrical properties and

reinforcements.
Reference N° of tested Test Cross-section Reinforcements
beams set-up (bxhxL [cm])
111
8203 Xogzglx Prestressing: S3: 9 x 445 mm; S5: 4 x
T : 42 .
(;;;za e 2 FPBT  (T-shape) S5: Add:isit;nilnl long. reinf::
60x 138x2115 "S.aeso £ Teinl.s yes.
(I-shape) ps: yes.

Prestressing: 1 ¢12.7 mm (7-wires).
Youn & Kim Additional long. reinf.: Top: 2¢13 mm
(2006) 5 FPBT 15X 30 %400 b om: 2613 mm.

Stirrups: ¢5 /300 mm.

Prestressing: Series-A = $9.3 mm —

Linear; Series-H = ¢$9.3 mm - Parabolic.

10x20x 200  Additional long. reinf.: Series-A = NO;
Mi . (2007 1 ’
inh et al. (2007) 3 FPBT 10x30x 160 Series-H = 466 mm.

Stirrups: Series-A = NO; Series-H: 7¢6

/200 mm.

Prestressing: Single wire: ¢$8 mm.
Coronelli et al. 4 FPBT 15 x 20 x 300 Additional long. reinf.: Top: 36 mm

(2009)

Bottom: 2¢6 mm.
Stirrups: ¢6 mm.

Castel et al. (2012)

*Considers the experiment tests conducted by Young & Kim and added NLFEA

Yanhong Zheng
(2013)

FPBT

15 x 30 x 260

Prestressing: 1 ¢15.2 mm (7-wires).
Additional long. reinf.: Top: 2¢12 mm
Bottom: 2¢16 mm and 2¢22 mm (L6).
Stirrups: ¢$8 / 100 mm (shear zone) and
8 /200 mm (bending zone).

Zhang et al. (2017)

FPBT

15 x 22 x 200

Prestressing: 1 $15.2 mm (7-wires).
Additional long. reinf.: Top: 2¢12 mm
Bottom: 2¢8 mm.

Stirrups: $8 / 90 mm.

Recupero and
Spinella (2019)

12

TPBT

40 x 25 630

Prestressing: 4 ¢15.2 mm (7-wires).
Additional long. reinf.: Top: 2¢18 mm
Bottom: 2¢18 mm.

Stirrups: ¢8 / 80 mm (shear zone) and
¢8 / 100 mm (bending zone).

Jeon and Shim
(2020)

TPBT

28 x38x 310

Prestressing: 3 $15.2 mm (7-wires) -
parabolic profile.

Additional long. reinf.: Top: 2¢13 mm
Bottom: 2¢10 mm .

Stirrups: $10 /90 mm.

Wang L. et al.
(2020)

FPBT

16 x 45 x 300

Prestressing: 1 $15.2 mm (7-wires) -
parabolic profile.

Additional long. reinf.: Top: 2¢10 mm
Bottom: 2¢25 mm.

Stirrups: ¢6 / 50 mm (support zone) and
¢6 / 200 mm (bending zone).
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Dai et al. (2021)

6

FPBT

20 x 35x 400

Prestressing: 1 $15.2 mm (7-wires) -
straight profile.

Additional long. reinf.: Top: 3¢10 mm
Bottom: 3¢16 mm.

Stirrups: ¢8 with variable spacing.

Qian Qian Yu et
al. (2022)

FPBT

15x30x 260

Prestressing: 1 ¢15.2 mm (7-wires) -
straight profile.

Additional long. reinf.: Top: 2¢12 mm
Bottom: 2¢16 mm or 2¢22 mm.
Stirrups: ¢8 with variable spacing.

Yang et al. (2022)

4

FPBT

16 x 45 x 300

Prestressing: 1 $15.2 mm (7-wires) -
parabolic profile.

Additional long. reinf.: Top: 2¢10 mm
Bottom: 2¢25 mm.

Stirrups: ¢8 with variable spacing.

*N/A = not available data, b = width, / = height, L = Longitudinal length, ¢ = diameter [mm], FPBT = four-point bending test, and TPBT
= three-point bending test.

Table 3-3 collects the main features of the available corroded post-tensioned PC beams

regarding the corrosion process, the exposure environment, and the residual mechanical

response of the analyzed PC beams in terms of observed failure mode. However, due to the

great scattering in experimental results — caused by the combination of a limited number of

experimental tests and the adoption of different geometrical beam dimensions, reinforcement

ratios (number of strands, presence of stirrups with different spacing and additional longitudinal

reinforcements), type of deterioration process (natural vs. accelerated methods), material

properties, presence of sustained load, exposure environments and test set-up, it was not

possible to clearly define and quantify the corrosion effects on the structural resistance of the

tested beams. Nevertheless, common experimental evidence can be outlined as follows:

Structural performance reduction: corrosion led to a noticeable reduction in
flexural and shear load-carrying capacity in terms of ultimate load, deflection
and ductility, favoured by the presence of grouting deficiencies, Youn & Kim
(2006). As expected, PC beams with corroded strands near the support did not
show meaningful flexural behavioural changes, conversely, corroded strands,
placed at mid-span, showed relevant load-bearing capacity reduction, Jeon and
Shim (2020). In the case of multiple strands, the load-carrying capacity decay
was proportional to the number of strands or wires broken.
Crack pattern: the number of cracks and the space between adjacent bending
cracks increased with the increase in corrosion level, Yanhong Zheng (2013).
Moreover, it was also discovered that the presence of external forces could

aggravate cracks induced by reinforcements corrosion, Tanaka et al. (2001).
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Stiffness reduction: the initial stiffness prior to flexural cracking was slightly
affected by corrosion; while the post-cracking stiffness was significantly
reduced, Zhang et al. (2017).

Failure mode: Low or absent corrosion levels induced a ductile (flexural)
failure mode often characterized by concrete crushing and vertical flexural
cracks in the proximity of loading points. This type of failure involved a
progressive ductility reduction without relevant load-carrying capacity decay.
High corrosion level, on the contrary, induced a brittle (shear) failure mode
characterized by the development of diagonal cracks from the loading points
toward the supports and the occurrence of strand rupture. This type of failure
showed a significant decrease in both ductility and load-carrying capacity.
Differently from homogeneous corrosion, localized corrosion led to non-
uniform corrosion patterns along the overall beam length, resulting in
asymmetrical crack patterns and failure modes. In addition, since stirrups were
in an outermost position compared to prestressing reinforcements, they
suffered earlier deterioration due to a premature exposure to aggressive agents.
Thus, the shear resistance of corroded PC beams and their relative failure
modes were found to be directly impacted by transverse reinforcement

corrosion level.
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Table 3-3 State-of-the-Art on post-tensioned corroded PC beams: corrosion process, exposure
environment, and beams failure mode.

Reference

Corrosion process

Exposure
environment

Failure mode

Severe coastal

S3: too corroded to sustain its self-

Tanaka et al. (2001) NAT environment weight (bending failure);
(34 years) (Japan: Kure- S5: crushing of concrete
tsubo Bridge) ’ g
PC-1, PC-4, and C-1 Bending
Y Kim (2 - 2 *N/A ’ ’
oun & Kim (2006) IC (- pa/em’) / PC-2 and PC-3 bending + wire failures
1C:

Minh et al. (2007)

Series-A: 0.7A
Series-H: 0.57A

Chloride-induced
corrosion

All in bending with concrete crushing

Coronelli et al. (2009)

IC (- pA/cm?)

*N/A

All in bending, except for 1 beam in
shear

Castel et al. (2012)

Yanhong Zheng (2013)

IC (200 pA/cm?)

Chloride-induced
corrosion

Corrosion ratio < 0.08: crushing of
concrete in compression zone;
Corrosion ratio > 0.08: rupture of
corroded strands

The failure mode changes from ductile

IC 594 saline (concrete crushing) to brittle (wire
Zhang et al. (2017) (180 pA/cm? or > rupture) with the increase of corrosion
solution )
0.4A) level (threshold cross-sectional loss
equal to 27%)
Reeuperoand Spinlla ey Chemisaland e
(2019) Bl acid solution & '

by crushing of concrete

Jeon and Shim (2020)

IC (- pA/cm?)

3.5% NaCl
solution: the
strands were

corroded before
casting

CB2-CB4 and RBS5: concrete
crushing;

CBI1: concrete crushing after rupture
of six wires

Wang L. et al. (2020)

IC (270 pA/cm?)

10% saline

For all corroded beams, the critical
shear cracks occurred in the corroded

Dai et al. (2021)

IC (2 pA/cm?)

solution shear span and extended from the
supports to the loading points
S0 and RO: concrete crushing;
590 NaCl S1: strand fractured in the end

solution mass
fraction of

anchorage region but failed dure to
concrete crushing;
S2-S4: failed due to the main crack on

cement the concrete surface exceeded the
critical width
L2 and L3: bending failure due to
5% NaCl concrete crushing;
. . 2 5
Qian Qian Yu (2022) IC (200 pA/em’) solution L1, L4, L5 and L6: bending failure
due to strand rupture
5% NaCl All beams (B1, B2, B3 and B4)
Yang et al. (2022 IC (- 2 ) . o B
ang et al. (2022) C (- pafem’) solution experienced shear-compression failure
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3.4.2.2 Pre-tensioned PC beams

Similarly to corroded post-tensioned PC beams, Table 3-4 and Table 3-5 report the
geometrical and reinforcement features of the pre-tensioned corroded PC beams available in
scientific literature, by distinguishing between PC beams subjected to artificially accelerated
corrosion processes or natural environment, respectively. In addition, Table 3-6 and Table 3-7
illustrate: (i) the corrosion process, (ii) the exposure environment, and (iii) the observed failure
mode of each analyzed PC beam.

The database contains 16 papers; four of them analyzed full-scale corroded PC beams
retrieved from dismissed bridges and exposed to natural environments for different periods of
time, whereas the remaining twelve analyzed scaled laboratory specimens by adopting the IC
technique.

Rectangular cross-sections with heigh, 4, and width, b, ranging respectively between
100 mm + 250 mm and 200 mm =+ 450 mm were adopted, except for T-shape cross-sections
tested in the experimental works conducted by El Menoufy and Soudki (2014), EIBatanouny et
al. (2015), Rogers et al. (2012) and Pape and Melchers (2013). The length of the scaled
specimens varied between 2.6 m +~ 5.0 m, while Rogers et al. (2012) and Pape and Melchers
(2013) tested the full-scale PC beams with an overall beam length equal to 18 m and 13 m,
respectively. Although a variety of wires and prestressing diameters were used, as shown in
Table 3-4, 7-wires prestressing strands with an equivalent diameter equal to 12.7 mm were
widely adopted. It is worth noting that all experimental activities adopted multiple prestressing
strands, except for the studies conducted by El Menoufy and Soudki (2014) and Dai et al.
(2020), who investigated the effect of a single corroded strand having an equivalent diameter
of 12.7 mm and 15.2 mm, respectively. Top and bottom longitudinal reinforcements, as well as
stirrups — sometimes having different spacing at shear and bending zones — were also present.
Finally, it is emphasized that all experimental research were carried out by using four-point
bending tests to evaluate the residual flexural and shear structural resistance of corroded pre-

tensioned PC beams, except for the three-point bending test set-up used by Dasar et al. (2016).
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Table 3-4 State-of-the-Art on artificially corroded pre-tensioned PC beams: geometrical properties and
reinforcements.

Reference

N° of beams

Test

Cross-section

Reinforcements

set-up (bxhxL [cm])
Prestressing: Top: 1 $12 mm (7-wires)
Rinaldi et al. Bottom: 2 $12 mm (7-wires).
(2010) 9 FPBT 20x30x 300  Additional long. reinf.: Top: 2¢10 mm
Bottom: 2¢10 mm.
Stirrups: $8 / 200 mm.
lghj;z;f]orriz - Prestressing: *N/A.
) . 5 FPBT 15x20x260  Additional long. reinf.: *N/A.
(Kioumarsi et al., Stirrups: *N/A.
2021)
Prestressing: 1 $12.7 mm (7-wires).
EIl Menoufy and 7 FPBT 40(1(;)6)(() 30x Additional long. reinf.: Top: 5¢8 mm.
Soudki (2014) (2 with CFRP) Stirrups: $10 / 75 mm (shear zone) and
(T-shape) .
none (bending zone).
61(15.2)x 38.1  Prestressing: 2 ¢13 mm (7-wires).
g{l)?;z;znouny et al 8 FPBT x 498 Long. reinf.: Top Flange = 4¢10 mm.
(T-shape) Stirrups: $10 / 240 mm (U-shape).
Prestressing: 2 wires ¢7 mm.
Additional long. reinf.: Top: 2¢10 mm
Zhang et al. (2016) 13 FPBT 15x30x270  Bottom: 2¢12,14,16 mm.
Stirrups: $10 / 100 mm (shear zone)
and ¢$10 /200 mm (bending zone).
Prestressing: 2 $12.7 mm (7-wires).
Liv and Fan (2019) 10 FPBT 15 % 25 x 220 Additional long. reinf.: Top: 2¢14 mm
Bottom: 2¢14 mm.
Stirrups: 7¢6 / 100 mm.
Liu et al. (2019), Prestressing: *N/A.
from (Kioumarsi et 5 *N/A 15x30x270  Additional long. reinf.: *N/A.
al., 2021) Stirrups: *N/A.
Prestressing: 3 $12.7 mm (7-wires).
Additional long. reinf.: Top: 3¢18 mm
Yang et al. (2020) 6 FPBT 25x45x360  Bottom: 2¢10 mm.
Stirrups: ¢8 / 50 mm (shear zone) and
¢8 / 100 mm (bending zone).
Liu et al. (2020), Prestressing: *N/A.
from (Kioumarsi et 5 FPBT 15x25x220  Additional long. reinf.: *N/A.
al., 2021) Stirrups: *N/A.
Prestressing: Top: 1 ¢$12 mm (7-wires)
Bottom: 2 $12 mm (7-wires).
Benenato et al. Additional long. reinf.: Top: 2¢10 mm
(2020) 2 FPBT — 20x30x300 b iom: 2610 mm.
Stirrups: $8 / 100 mm (shear zone) and
08 /200 mm (bending zone).
Prestressing: 1 $15.2 mm (7-wires).
Additional long. reinf.: Top: 2¢68 mm
Dai et al. (2020) 8 FPBT 13x 15x200  Bottom: 2¢6 mm.

Stirrups: ¢6 / 100 mm.
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Liu et al. (2023) 13 FPBT

15x30x270

Prestressing: 2 ¢7 mm

(prestressing wires).

Additional long. reinf.: Top: 2¢10 mm
Bottom: 2¢12, 14 or 16 mm.

Stirrups: ¢8 / 100 mm (shear zone) and
¢8 /200 mm (bending zone).

"N/A = not available data, b = width, & = height, L = Longitudinal length, ¢ = diameter [mm], FPBT = four-point bending test, and TPBT

= three-point bending test.

Table 3-5 State-of-the-Art on naturally corroded pre-tensioned PC beams: geometrical properties and

reinforcements.
Reference N° of beams Test Cross-section Reinforcements
set-up (bxhxL [cm])
Prestressing: 3 wires ¢5 mm, 2 x 7¢2.5
Mircea et al. 18 FPBT 15x15x320 mm,2x 7¢$3 mm.
(1994) 12x 18x320  Additional long. reinf.: Top: 2¢8 mm.
Stirrups: yes, but not specified.
82.6(25.4) x Pres‘Fr.essing: 12 (|)1?.7 mm (7-wires).
Rogers et al. Additional long. reinf.: 9¢12.7 mm (7-
19 FPBT 68.6 x 1800 ) .
(2012) (T-shape) wires), Top reinf: 2¢15.9 mm.
Stirrups: $9.5 / 380 mm.
Prestressing: 2 x 18 x ¢5 mm wire.
61.3(22.9) x Additional long. reinf.: Top: 46 mm
Z"é’f;nd Melchers 3 FPBT  68.7x 1300  Bottom: 2¢9 mm.
(T-shape) Stirrups: $6 / 200 mm; Top: C-
reinforcement ¢6 / 100 mm.
Prestressing: round wires of $2-2.9
Dasar et al. (2016) 2 TPBT  15x30x240 o

Additional long. reinf.: *N/A.
Stirrups: $10 / 100 mm.

"N/A = not available data, b = width, & = height, L = Longitudinal length, ¢ = diameter [mm], FPBT = four-point bending test, and TPBT

= three-point bending test.
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Table 3-6 State-of-the-Art on artificially corroded pre-tensioned PC beams: corrosion process,
exposure environment, and beams failure mode.

Reference

Corrosion
process

Exposure environment

Failure mode

Rinaldi et al. (2010)

IC, only bottom
strands 0.4A

Chloride-induced
corrosion

Bending due to concrete crushing
and shear with wires rupture

Lietal (2010) -in
Chianese, from
(Kioumarsi et al., 2021)

IC (- pA/ecm?)

3% NaCl into the mass
fraction of cement

Concrete crushing and rupture of
strands

EI Menoufy and Soudki
(2014)

IC (2 pA/cm?)

Salt-bearing concrete
with 2.1% chloride
concentration by mass
of cement

All beams characterised by rupture
of the strands

ElBatanouny et al.
(2015)

IC (- pA/cm?)

NaCl solution

All the specimens failed for: (a)
strand rupture, or (b) excessive

residual deflection; C3-04 beam
failed due to concrete spalling

9 beams failed in the constant

Zhang et al. (2016) IC (100 pA/cm?) 5% NaCl solution moment region at the location of
the main crack, except one
De-icing salt solution
Liv and Fan (2019) IC (- pA/em?) for 120 days, CaCl; and Changing in failure mode from

MgCl>in a
concentration of 5%

bending to shear

Liu et al. (2019), from
(Kioumarsi et al., 2021)

IC (- pA/cm?)

*N/A

Changing in failure mode from
bending to shear

Yang et al. (2020)

IC (150 pA/cm?)

Wet-dry cycles: 4 days
wet by means of a
sponge soaked in 5%
NaCl + 3 days dry

The failure of corroded beams
showed unexpected brittle
characteristics

Liu et al. (2020), from
(Kioumarsi et al., 2021)

IC (- pA/cm?)

*N/A

Bending

Benenato et al. (2020)

IC (350 pA/cm?)

3% NaCl solution

Un-corroded beam failed under the
combination of concrete crushing
and buckling of the compressed
reinforcement;

The corroded one collapsed due to
slight concrete crushing and wires
rupture

Dai et al. (2020)

IC, 0.1A

5% NaCl solution

Bending induced by concrete
crushing in the compression zone

Liuetal (2023)

IC (100 pA/cm?)

5% NaCl solution

All beams failed due to fatigue
fracture of corroded prestressing
wires and/or rebars
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Table 3-7 State-of-the-Art on naturally corroded pre-tensioned PC beams: corrosion process, exposure
environment, and beams failure.

Corrosion

Reference Exposure environment Failure mode
process
Natural urban; Natural
NAT ine; Chloride and .
Mircea et al. (1994) mellrme, ) ot e.an Bending
(10-12 years) nitrogen industrial;
laboratory conditions.
Chloride: 1 . .
once r§gu a Some beams in bending, others
NAT presence of wind-blow
Rogers et al. (2012) S showed a pure web shear crack
(42 years) salt spry (Tiwai Point followed by concrete crushin,
Bridge, New Zealand) 4 &
Aggressive marine .
. B A: bending;
Pape and Melchers NAT environment (Sorell cam encing .
. Beam B: shear (rupture of wires);
(2013) (45 years) Causeway Bridge, .
) Beam C: shear (rupture of wires).
Australia)
NAT Marine environment
Dasar et al. (2016) (35 years) 20 years + 15 years at Bending
Y PARI Institute

A total of 153 beams were analyzed. Referring to the 16 scientific papers reviewed,
56% studied the corrosion influences on the flexural structural capacity of pre-tensioned PC
beams, 25% analysed the residual shear structural capacity, whereas the remaining 19%

investigated the fatigue capacity, as shown graphically in Figure 3-8.

Shear Fatigue
19%

56%
Flexural/Bending

Figure 3-8 Analysis of the mechanical behaviours investigated through experimental campaigns.

The 75% of experimental tests were performed by adopting the impressed current (IC)
method — 12 experimental programs —, whereas the remaining 25% conducted experimental
programs on PC specimens coming from natural environments — 4 experimental programs.

Indeed, only the experimental research carried out by Mircea et al. (1994), Rogers et al. (2012),
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Pape and Melchers (2013) and Dasar et al. (2016) estimated the residual load-bearing capacity
of several naturally corroded PC beams. As shown in Figure 3-9, 16.67% of the experimental
campaigns — carried out through the application of the IC method — adopted current density,
ILeor, values ranging between 100 pA/cm? and 400 pA/cm?, whereas 25% used Ieor values lower
than 100 pA/cm?, as suggested by Rodriguez et al. (1997) and Alonso et al. (1998), who set this
current density threshold value as the critical condition to be fulfilled to avoid rapid and
undesirable corrosion effects. Unfortunately, the remaining 58.33% of the available
experimental research did not provide the used /... value, except for Rinaldi et al. (2010) and
Dai et al. (2020), who performed the artificially accelerated process by imposing a constant

amperage of 0.4A and 0.1A, respectively.

100
90
80
70
60
50
40
30
20
10

58.33%

25.00%
16.67%

0.00%

Percentage of research activities (%)

IC< 100 100 <IC< 400 IC> 400 Undefined
pA/cm2 pA/cm2 pA/cm2

Current density intervals

Figure 3-9 Analysis of the current density ranges in the case of IC method adoption.

In general terms, the experimental activities conducted on naturally corroded PC
beams tend to quantify corrosion damage of prestressing reinforcement through the cross-
sectional loss measurement, while the studies carried out on artificially corroded PC beams
commonly measured the reinforcement mass loss by performing the gravimetrical method. In
detail, Table 3-8 reports the mass loss range and the maximum cross-sectional loss measured
during the experimental activities for the investigated experimental programs in the case of

artificially accelerated and naturally corroded specimens, respectively.
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Table 3-8 Corrosion amount measured during the experimental campaigns on corroded PC specimens:
(left) artificially accelerated, and (right) from natural environment.

Reference

Corrosion amount:

Mass loss

Reference

Corrosion amount:
Cross-section loss

Rinaldi et al. (2010)

7%, 14%, and 20%

Mircea et al. (1994)

*N/A

Lietal (2010) - in
Chianese, from
(Kioumarsi et al., 2021)

0.0-2.87%

Rogers et al. (2012)

Variable with a maximum
value up to 60%

El Menoufy and Soudki Pape and Melchers Beam B: up to 57%
2.5%, 5%, 10%
(2014) R (2013) Beam C: up to 64%
ElBatanouny et al. o *
(2015) 0.0-12.80% Dasar et al. (2016) N/A
Zhang et al. (2016) 0.013-0.056
Liu and Fan (2019) *N/A
Liu et al. (2019), from
0.0-4.009
(Kioumarsi et al., 2021) &
Yang et al. (2020) 0.0-30.07%
Liu et al. (2020), from
0.0-10.209
(Kioumarsi et al., 2021) &
Benenato et al. (2020) 7.00%
Dai et al. (2020) 0.0-14.69%

Liuetal (2023)

Variable: longitudinally

determined via 3D
scanning analysis
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Based on the outcomes of pre-tensioned corroded PC beams, the following

experimental evidence — in addition to those previously mentioned in paragraph 3.4.2.1 — can

be outlined:

Structural performance reduction: several studies found out that with the
increase in corrosion level (expressed in terms of mass loss or cross-sectional
loss) the overall behaviour of corroded pre-tensioned PC beams is strongly
affected in terms of both ultimate load-carrying capacity and ductility
reduction. For the sake of clarity, examples of typical bending moment — mid-
span displacement response for un-corroded and corroded pre-tensioned PC
beams are reported in Figure 3-10, by reproducing the experimental test results
obtained by Rinaldi et al. (2010). The outcomes show the significant flexural
capacity reduction of corroded PC beams in comparison with the un-corroded
one. Specifically, for a mass loss of approximately 20%, a flexural decay of
about 65% is observed. Moreover, increasing the corrosion level, a severe

ductility reduction is also pointed out.

100

Ductlity Reductiom

<
<

Bearing - Capacity Reductiom

Bending moment, M [kNm]
()]
o

30 ——Un-corroded

20 £4 ——Corroded - 7% mass loss

10 ‘ff\ Corroded - 20% mass loss
0 A

0 5 10 15 20 25 30 35 40
Displacement [mm]

Figure 3-10 Comparative example between corroded and un-corroded pre-tensioned
PC beams, adapted from Rinaldi et al. (2010).

In general, studies additionally showed the decrease in ultimate beam
deflection and the increase in the crack width for increasing corrosion level.

Finally, the residual structural resistance of corroded PC beams is strongly
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impacted by the bond decay at the steel-concrete interface. To this end, Dai et
al. (2020) validated the bond decay model proposed by Wang et al. (2016).
According to this model, bond strength results practically unaffected up to a
mass loss percentage of 6.6%; thereafter, once the critical threshold is
exceeded, bond strength decreases until it reaches the total de-bonding of
prestressing reinforcements for a mass loss percentage of 34%;

Crack pattern: Dasar et al. (2016) pointed out that pre-cracking plays a key
role in the corrosion process of prestressing reinforcements and in the
consequent residual structural performance of corroded PC beams. Indeed, pre-
cracking leads to a tangible decrease in beams load-carrying capacity by
allowing the early ingress of external aggressive agents during the structural
element service life.

Failure mode: as with post-tensioned PC beams, the increase in corrosion level,
influences the failure mode of pre-tensioned PC beams, which turns from
ductile to brittle. In detail, two distinct transitional behaviours of corroded PC
beams can be experimentally pointed out: (i) a ductile-brittle transition
associated to the reduction of the flexural non-linear behaviour of a corroded
beam for increasing corrosion level, or (i) a ductile-brittle transition associated
to the change in failure mode from bending to shear. According to Rinaldi et
al. (2010) and Benenato et al. (2020), the first transition occurs when the mass
loss percentage of reinforcements reaches 7%. When this threshold is reached,
the prestressing reinforcement behaviour changes from ductile — characterized
by strand yielding — to brittle — characterized by strand rupture. Additionally,
by analyzing localized corrosion, it was demonstrated that the first wire
fracture takes place at the minimum cross-section where corrosion pits have
formed, Liu et al. (2023). As a result, it may happen that, as the corrosion level
increases, PC beams fail at the minimum cross-section of one of the corroded
prestressing strands, which may not be subjected to the maximum action.
Effect of the level of prestressed load: the mass loss of prestressing strands
results accelerated by the applied prestress level. Indeed, as observed by Dai et
al. (2020), by gradually increasing the strands prestress level from 0 to 75%,
the measured average mass loss value tends to increase, reaching an increment

of 37% for a prestress level of 75%.
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Effect of sustained load: According to Yang et al. (2020), the combination of
corrosion and sustained loads induced higher prestressing force losses. In the
case of severely corroded strands, a decrease in prestressing force, resulted in
wider transverse cracks. Additionally, the presence of sustained loads
increased the risk of a pronounced localized corrosion, which directly favoured
the mechanical properties decay of prestressing strands, inducing a significant
reduction in the residual structural performance of corroded PC beams.

Fatigue loading: the combination of corrosion and fatigue loading induced a
significant reduction in the ultimate deflection capacity and the initial stiffness
of severely corroded PC beams, Zhang et al. (2016) and Liu et al. (2019).
Moreover, a shortening of the post-yielding branch of the beam residual
structural response was also observed. In detail, as demonstrated by Liu et al.
(2023), all investigated PC beams — tested by performing high-cycle fatigue
testing — failed due to fatigue fracture of corroded rebars and/or prestressing
wires at the minimum cross sections where a severe corrosion pit was

documented.
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3.4.2.3 Challenges and open issues

A general overview of the experimental campaigns on corroded RC and PC beams

available in literature has been provided. Following a comprehensive State-of-the-Art review

concerning naturally and artificially corroded RC beams reported in Appendix A.l, two

comprehensive databases on post-tensioned and pre-tensioned corroded PC beams were defined

to analyze the main issues affecting the residual structural response of deteriorated PC beams.

Although useful findings were outlined, several drawbacks associated to corrosion

issue need to be further discussed and studied:

L.

IIL.

The corrosion phenomenon of prestressing reinforcement must be thoroughly
investigated. In comparison to the massive amount of experimental activities
carried out on corroded RC beams (55 papers), only a limited number of studies
have been conducted on corroded PC beams (13 papers on post-tensioned
beams and 16 papers on pre-tensioned beams) to evaluate their residual flexural
and shear response. In this framework, only few papers provided experimental
data on the residual shear capacity of corroded PC beams by testing artificially
corroded specimens commonly reinforced with stirrups. However, relevant
structures such as power plants or buildings built prior to the implementation
of new seismic recommendations might have been constructed without the
presence of stirrups. Special research efforts should therefore be devoted to
filling the gap in experimental works dealing with the analysis of the residual
shear capacity of naturally corroded PC beams without transverse
reinforcement.

Because its faster execution, the artificially accelerated impressed current
technique (IC method) was implemented in the majority of experimental
research conducted on the corrosion of PC beams. Although the experimental
period was significantly reduced, the great discrepancy between natural
corrosion and electrochemically-induced corrosion outcomes was found to be
a critical aspect in the proper evaluation and quantification of corrosion effects.
Therefore, regardless of the longer testing time, more experimental campaigns
should be planned to analyze specimens retrieved from buildings or bridges
subjected to natural environments. To date, only 5 works (1 for post-tensioned
PC beams and 4 for pre-tensioned PC beams) studied the residual structural
performance of naturally corroded PC beams from marine, coastal or nitrogen

environments.
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HI.  The limited number of experimental tests on corroded PC beams combined
with the specimen’s variability in geometrical dimensions, reinforcement
ratios, type of deterioration process, material properties, effect of sustained
load, exposure environments and test set-up, led to a large dispersion of
experimental outcomes, making the comparison of obtained results rather
challenging. Moreover, the tested specimens have been usually scaled with a
thinner concrete cover. As a result, non-negligible size effects could influence
the obtained results: (i) by inducing shorter initiation period — by reducing the
needed time of aggressive agents to reach the reinforcements — or (ii) by
influencing the corrosion propagation along the overall beam length — which
means smaller specimens and therefore a more homogeneous corrosion level
along the beams length.

IV.  Zhu (2014) highlighted the urgent need to conduct experimental programs that
study the corrosion topic from the corroded specimen’s retrieval (natural
corrosion) or casting (artificial corrosion) to the proposal of simplified models
useful in daily engineering practice. These programs should include a
preliminary analysis of the crack pattern and an evaluation of specimens’
residual structural response. Moreover, a follow-up phase suitable for
quantifying the reinforcement corrosion level and a data post-processing phase
aimed at proposing measurement-based correlations describing the trends of
the main corrosion parameters as a function of the change in the corrosion
level, must be considered. Currently, the majority of experimental activities
investigate these corrosion issues separately, resulting in conclusions that
frequently differ or disagree.

In light of the deficiencies identified above, the present Thesis examines an

experimental campaign involving the assessment of naturally corroded pre-tensioned PC beams
subjected to constant sea water wet-dry cycles over the course of their 10 years of service,

showing signs of chloride-induced corrosion, Figure 3-11.

Figure 3-11 Highlights on the available 10 years old PC beams.
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3.5 Mechanical behaviour of corroded prestressing reinforcements

Despite the availability in the literature of several works on tensile testing and the
subsequent prediction of corroded rebars stress-strain relationships, only a limited number of
studies on the same topics have been conducted with regard to corroded prestressing
reinforcements. To this end, Appendix A.2 reports a general overview of the experimental
tensile tests and analytical models for corroded ordinary reinforcements. The current State-of-
the-Art intends to highlight all scientific works undertaken in the prediction of the residual
stress-strain response of corroded rebars by presenting a comprehensive list of the research
realized from 2000 to 2022, thus extending the survey conducted by Vanama & Ramakrishnan
(2020). Conversely, the following paragraphs propose a detailed State-of-the-Art of the several
pit type morphology configurations available in scientific literature and the most accredited
constitutive laws for the prediction of the residual mechanical properties of corroded
prestressing strands.

In the present section, two of the main effects induced by corrosion are investigated:

= The reinforcement cross-section reduction;
= The mechanical properties reduction.

Indeed, the main mechanical properties affected by corrosion are the ultimate strength
and the ultimate strain of reinforcements. In this latter framework, two main approaches can be
defined:

(1) The equivalent bar approach, Figure 3-12(a): that reproduces the prestressing strand
behaviour as a reinforcement rebar, as proposed by Wang et al. (2020) and Zhang X.
et al. (2017);

(11) The equivalent spring approach, Figure 3-12(b): that reproduces the behaviour of the
overall strand by summing the individual contributions of each wire, which are
considered as springs working in parallel with each other, as proposed by Lu et al.

(2016), Zhang et al. (2019), and Jeon et al. (2019).
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7-wire prestressing reinforcement

b, = Equivalent diameter

EQUIVALENT BAR MODEL EQUIVALENT SPRING MODEL

(a) (b)

Figure 3-12 Approaches for the reproduction of the mechanical behaviour of prestressing strands: (a)
equivalent bar model and (b) equivalent spring model.

3.5.1 Quantification of corrosion damage

Corrosion was shown to be closely related to the nature of the surrounding
environment in which the structural element is placed. Although the corrosion process of a
corroded rebar and a prestressing strand generally differs, some preliminary considerations
concerning the quantification of corrosion damage for prestressing strands can be extrapolated
from the analysis of ordinary rebars. To this end, the single prestressing wire composing the
strand should be treated as a singular ordinary rebar.

According to Andrade (2021), reinforcement corrosion can be initially simply
classified as either homogeneous or localized corrosion, as shown in Figure 3-13.
Homogeneous corrosion can be further divided into symmetric or asymmetric deterioration
depending on the direction of the aggressive front. In general terms, homogeneous corrosion
begins with an asymmetric morphology since it is easier for aggressive agents to reach the
reinforcement in a zone closer to the outer beam side, characterized by a thinner concrete cover.

Once the aggressive agent has affected the entire reinforcement perimeter, the morphology
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configuration may change to symmetric. However, it is worth noting that the ideal symmetric
corrosion cannot be achieved since the reinforcement side that corrodes first, usually shows a
higher deterioration if compared to the back reinforcement side. Conversely, localized
corrosion can be further divided into local or pitting corrosion based on the longitudinal and
transversal pit dimensions. Regardless of the type of morphology corrosion, the failure mode
of the corroded reinforcement can be ductile or brittle depending on the corrosion level —
expressed in terms of residual diameter —, exposure condition, aggressivity of external agents

and load regime (static or cyclic).

REINFORCEMENT
CORROSION

HOMOGENQUS
or UNIFORM

LOCALIZED }

-

Y
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) pitting ]

[ symetric .] ( asw";\etric J | .
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Figure 3-13 Classification of corrosion type in the case of corroded reinforcements, adapted
from (Andrade, 2021). Reproduced from the “Proceedings of CACRCS DAYS 2021: Capacity
Assessment of Corroded Reinforced Concrete Structures” with permission from the International
Federation for Structural Concrete (fib).

Two are the main parameters that are generally used in scientific literature to predict

the residual mechanical response of corroded prestressing strands:
I.  The mass loss, 7, which is measured by adopting the gravimetrical method
described by the ASTM G1-03 standard (2017) and calculated according to the

expression reported in Eq. 3-2:

3-2

where mo and meco are the weight of the un-corroded and corroded
reinforcement samples, respectively.

II.  The cross-sectional loss, ¢, which is evaluated sectionally through Eq. 3-3:

‘u=AO_Amjn =1_Amjn __r
4 4 4

3-3
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where Ao is the un-corroded area of the prestressing strand, and 4, and 4.i» are
the area loss and the residual area due to pitting, respectively.

From a general perspective, mass loss measurement better reflects the average
corrosion level of the reinforcement along its entire length. Therefore, # can be considered as a
reliable parameter for the estimation of homogeneous corrosion. The cross-sectional loss
measurement, on the contrary, better reproduces the effects of localized corrosion, such as
pitting corrosion. Additionally, several authors pointed out that mass loss measurement might
be very challenging to perform during in-situ inspections, because it requires the weighing of
the corroded reinforcement which needs to be extracted from the structural member, (Chi Ho
Jeon et al., 2019; X. Liu et al., 2017; L. Wang, Li, et al., 2020); conversely, the assessment of
the minimum residual cross-section can be measured using non-destructive techniques, such as
radiography, X-ray scans, endoscopic inspections, or magnetic fields methods, (C. H. Yoo et
al., 2020).

The sectional radius or diameter loss of corroded prestressing wires is assumed to be
the key factor in the mass loss and cross-sectional loss evaluation. Since several corrosion
scenarios can be identified, different pit type morphology configurations have been defined in
the last few years for estimating the cross-sectional loss, especially with regards to localized
pitting corrosion.

First, Val & Melchers (2007; 1997) defined a hemispherical pit type morphology
configuration, as shown in Figure 3-14, where the area loss caused by pitting, 4,1, is calculated

on the basis of geometrical relationships, as expressed in Eq. 3-4:

2r

) P
A, =2r*(9-2sin9 cos 9 &:arccos[l——xj 3.4

where Px 1s the maximum pit depth measured and 7 is the un-corroded reinforcement radius.

Figure 3-14 Hemispherical pit type morphology configuration for localized pitting corrosion.
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Second, Hartt and Lee (2016) introduced a planar pit morphology configuration, as
reported in Figure 3-15, where the area loss due to pitting, 4,3, is calculated according to Eq.
3-5:

P P
Ay =r'(%-singcosd) I =arccos 1—7 3-5

where Py is the maximum pit depth measured and r is un-corroded reinforcement radius.

Figure 3-15 Planar pit type morphology configuration for localized pitting corrosion.

Finally, Jeon et al. (2019) adopted three different pit type morphology configurations.
In addition to the hemispherical shape, introduced by Val & Melchers (2007; 1997), and the
planar shape, defined by Hartt and Lee (2016), the authors considered an intermediate pit type
morphology configuration, denoted as half-moon shape. The third morphology is reported in
Figure 3-16 and the expression for the calculation of the related area loss, 4,2, is given by Eq.
3-6:

2 : b
4,=r"(29,-7-2sing,cosd,) 9, =arccos o 3-6

where P is the maximum pit depth measured and 7 is the usual un-corroded reinforcement

radius.
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Figure 3-16 Half-moon pit type morphology configuration for localized pitting corrosion.
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For the sake of completeness, it is worth noting that additional pit type morphology
configurations were defined by Wang et al. (2020) and Yoo et al. (2018; 2020). As shown in
Figure 3-17(a), Wang and co-authors defined three pit shapes, named spheroidal, saddle and
pyramidal, based on a geometric morphology analysis of one-hundred nineteen pits measured
from nineteen strands artificially corroded through the ACE method. According to the authors,
the formation of these different configurations was related to the presence of many micro-
crystal clusters of pearlitic grain characterized by different electrochemical properties in
prestressing strands. However, no mathematical formulations were provided for the geometrical
calculation of the three shapes, making it difficult to apply any of these configurations for
pitting spatial variability analysis and pit classification.

Yoo and co-authors introduced additional formulations for the estimation of the cross-
sectional loss as a function of the corrosion perimeter, p, as shown in Figure 3-17(b), to
overcome the issue related to the maximum penetration depth measurement of corroded strands
along a large area during in-situ inspections of a bridge in service. This latter can be measured
by means of an endoscope, or borescope, inserted through a small hole created ad hoc in the
duct. A correlation between maximum penetration depth and corrosion perimeter was then
established, as expressed by Eq. 3-7. Furthermore, the area loss caused by pitting, A4, was

calculated through geometrical relationships in accordance with Egs. 3-8 — 3-11.
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Figure 3-17 Additional pit type morphology configurations introduced by: (a) Wang et al. (2020) and
(b) Yoo et al. (2018; 2020).

In addition, CONTECVET manual (2001) proposed two different pit type morphology
configuration in the case of homogeneous and pitting corrosion, as reported in Figure 3-18.
These circular shapes can be geometrically defined once the diameter loss is estimated through

the expression reported in Eq. 3-12:

4 =¢(1-P)=t(1-V,,t,) 3-12

where ¢: and ¢o are the corroded and the un-corroded diameters, Py is the radius loss, which
results equal to P, for homogeneous corrosion and equal to P for localised pitting corrosion,
Veorr 1s the corrosion rate, #, is the propagation time after depassivation of the reinforcement,
and a is the pitting factor. The biggest difference consists in the definition of the pitting factor
a, which is recommended equal to 2 and 10 by the manual in the case of homogeneous and

pitting corrosion, respectively.

21— -
// -l‘/_'an
b, 'x ‘,
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Figure 3-18 Morphology configuration: (a) homogeneous corrosion and (b) pitting corrosion, adapted
from CONTECVET manual (2001).
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3.5.2 Modelling of the tensile behaviour

To investigate the corrosion effects on the residual mechanical response of corroded
strands, Table 3-9 outlines common features and differences through the comparison of various
experimental programs and proposed stress-strain relationships.

All the available scientific research performed tensile tests on corroded prestressing
strands with a diameter of 15.2 mm and subjected to different corrosion levels. The different
corrosion levels were achieved following natural corrosion or throughout the IC and ACE
artificial accelerated techniques. During the execution of the IC method, a current density value
equal to 100 pnA/cm? was applied to artificially reproduce the natural corrosion effects, whereas
for the ACE method a salt fog with a 5% NaCl solution together with a constant temperature
and relative humidity was adopted.

After the retrieval of samples from natural corroded members or the conduction of the
artificial corrosion process, each experimental program performed tensile tests on one or more
samples characterized by the absence of corrosion signs in order to establish the reference un-
corroded mechanical properties. Furthermore, corroded collected specimens were also tensile
tested, and their residual mechanical response was then evaluated. To this end, Figure 3-19 and
Figure 3-20 report experimental tensile test results in terms of normalized ultimate strength,
Joucorrlfpu,0, and normalized ultimate strain, €pu,cor/€pu0, Of the available samples as a function of
both strand mass loss and strand section-loss.

Referring to constitutive law proposal, the corrosion parameters usually adopted for
the prediction of the residual mechanical response of corroded strands were (1) the maximum
cross-sectional loss, tmax, and (ii) the mass loss, 7. Specifically, # values were measured by
adopting the gravimetrical method described by ASTM G1-03 standard (2017), whereas timax
values were experimentally evaluated through (i) 3D scanning techniques or (i1)) CAD analysis.
In the experimental campaign conducted by Jeon et al. (2019), the maximum cross-sectional
loss was geometrically evaluated on the basis of the maximum penetration depth of the most
corroded external wire, Pnax, Wwhich was experimentally measured by means of a pit depth gauge

instrument.
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Table 3-9 State-of-the-Art on analytical models for the prediction of the residual mechanical response
of corroded prestressing strand.

Constitutive law Lu Zhang X. Zhang W. Jeon Wang
et al. et al. et al. et al. et al.
Main features (2016) (2017) (2019) (2019) (2020)
Experimental Program
Number of corroded Tests on
samples, (un-corroded) 2@ 76) wires 136) 18 ()
Equivalent diameter of 152 152 152 152 15.2
strands, (mm)
Type of corrosion IC ACE IC (cli\llcf;ile) ACE
. Salt fo .
Chc.zra.cterzstzcs ?f 100 pA/om? (5% salgt 100 pA/em? ) By using a
artificial corrosion ; wet sponge
solution)
Maximum strand/wire Strand: Wire: Wire: Strand:
cross-sectional loss, (%) 27.5% 31.4% 20.3% 27.5%
Maximum strand Strand: ) ) ) )
mass loss, (%) 20.4%
1 mm/min
until failure
] 0.2 kN/s first wire; 5 mm/min 1 mm/min
IT:S’ZSSZZZSI: (force 2 mm/min *N/A (displacement  (displacement
control) for the control) control)
residual
capacity

Constitutive law: stress-strain relationship features

Main parameter of the Mass loss Section loss Section loss Section loss Section loss
model (strand) (strand) (wire) (wire) (strand)
Spring Equivalent Spring Equivalent
T h -
Ype of approac model bar model bar
Elastici dul
af lC.ll:.)/ moaulus % Y Y Y Y
variability
Regression trend: E . Linear in Linear in Exponential Linear in
- : xponential . . o .
ultimate strain intervals intervals in intervals intervals
Regression trend: . Linear in . ) Linear in
; Linear . Linear Linear .
ultimate strength intervals intervals
Relationship between
! P Independent Dependent Independent  Independent  Independent
ﬁu,corr and Epu,corr
Stress-strain relation Bilinear Bilinear Bilinear Bilinear Bilinear
Ref Area fi Average Minimum
eference Area for u
. Un-corroded *N/A corroded Un-corroded
Tensile Load corroded area
area
Model validation 4 4 4 4 V

*1C = Impressed Current method, ACE = Artificial Climate Environment method, NAT = natural corrosion, N/A = not available, V=
taken into account, and X = neglected, f,. .= ultimate corroded strength, and &, .= ultimate corroded strain.
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Figure 3-19 Tensile tests outcomes from analyzed experimental campaigns, expressed in terms of
normalized ultimate strength, f,u cor/fou0: (@) strand mass loss, and (b) strand section loss.
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Figure 3-20 Tensile tests outcomes from analyzed experimental campaigns, expressed in terms of
normalized ultimate strain, &y, con/Ep0: (2) strand mass loss, and (b) strand section loss.

Although the majority of models expressed the ultimate strength and ultimate strain
decay relationships as a function of ymax values, Lu et al. (2016) and Zhang W. et al. (2019)
models adopted the mass loss, #, and the average cross-sectional loss, pav, as the main input
parameters, respectively. To appreciate the differences, Figure 3-21 graphically reports the
available ultimate strength and ultimate strain decay relationships as a function of the corrosion
parameter adopted by the model. From an analytical point of view, significant discrepancies
between the ultimate strength and the ultimate strain decay relationships emerged from the

comparison of the different models, as highlighted in Figure 3-21.
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Figure 3-21 Decay relationships available in scientific literature for the prediction of: (a) ultimate
strain, and (b) ultimate strength, adapted from Belluco et al. (2021).

Specifically, Belluco et al. (2021) pointed out that the ultimate strength decay
relationships were obtained by dividing the ultimate tensile load with the remaining cross-
sectional area.

Despite the differences highlighted in Figure 3-21, all models adopted a bilinear trend
for the description of the stress-strain response of un-corroded and corroded prestressing

strands, as expressed by the relationship reported in Eq. 3-13 and shown in Figure 3-22:

Ep,Og S gpy,corr lu < lucrit
f pu,corr f py,corr <<
O-(g) = fpy,cgr}‘ &= gpy,corr - gpy,wrr &> gpu,corr
pu,corr  © py,corr
Ep,Og < 8py,corr lu > Iucrit

3-13

where £,y cor stands for the corroded yield strength, considered to be 0.85 times the ultimate
corroded strength fpucorr, and &py,cor 1s the corroded yield strain, considered to be the ratio
between the corroded yield strength, fyy.co, and the elasticity modulus of prestressing

reinforcements, E),o.
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Figure 3-22 Bilinear model for the stress-strain relationship of corroded and un-corroded strands.

Referring to Eq. 3-13, the critical cross-sectional loss or mass 10ss, ucrir — #erit, 1S
regarded as a fundamental parameter for defining the residual stress-strain relationship of a
corroded prestressing strand. In the residual response of the corroded wire/strand, this latter
value corresponds to the threshold value above which the hardening phase cannot develop. For
this reason, it represents the critical stage at which the failure mode of the corroded wire/strand
turns from ductile to brittle. In this regard, each model proposed a different threshold value, as

reported in Table 3-10.

Table 3-10 Critical mass loss or cross-sectional loss threshold for the different available models.

Constitutive law Lu Zhang X. Zhang W. Jeon Wang
et al. et al. et al. et al. et al.
Main features (2016) (2017) (2019) (2019) (2020)
.. . Type 1: 3.6%
Critical cross-sectional 8% 1% 8% Type 2: 8.5% 10.40%

loss / mass loss Type 3:5.1%

Additionally, it is worth noting that the elastic modulus, E,0, generally considered
unaffected by corrosion, has been set equal to its un-corroded value, except for Lu et al. (2016)
model in which a damage factor was introduced. Finally, in light of the several pit type
morphology configurations previously described in paragraph 3.5.1, it is important to
emphasize that — in the case of prestressing strands composed by multiple wires — the pit type
morphology analysis and the related cross-sectional loss measurement, x, were conducted: (i)
at the wire level, when the equivalent spring approach was adopted, and (ii) at the entire strand

section level, when the equivalent bar approach was considered, Figure 3-12.
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3.5.2.1 Challenges and open issues

A State-of-the-Art of the tensile tests performed on corroded prestressing strands has

been proposed. To achieve this, experimental programs and analytical models available in

scientific literature for the prediction of the residual mechanical properties of corroded

prestressing strands have been analyzed and briefly compared.

Based on the literature review outcomes, the following drawbacks and open issues can

be identified:

Similarly to the experimental research conducted on corroded PC beams, just
a limited number of tensile test research have been conducted on corroded
prestressing strands. Additionally, most of the available experimental data
belongs to tensile testing of samples that were artificially corroded by adopting
the IC or the ACE techniques. Only one experimental work examined naturally
corroded samples retrieved from an existing bridge which had been exposed to
a marine environment during its whole service life. As a result, further
experimental campaigns on naturally corroded strands are needed in order to
extend the database of available experimental outcomes. Furthermore, new
data could be useful to calibrate and validate analytical and numerical models
capable of predicting the residual capacity of corroded strands, in terms of both
resistance and ductility, as well as their corresponding failure mode.

Although several efforts have been devoted to the assessment of the residual
response of PC members and related prestressing reinforcement affected by
corrosion, the topic still needs to be further studied. Indeed, a lack of data has
been observed in the scientific literature on the comparison between natural
pitting corrosion characterization and mechanical test results in terms of
ultimate strength and ultimate strain of corroded prestressing strand. For
example, the model proposed by Jeon et al. (2019) was based on the response
of wires determined from non-linear finite element analyses.

No clear guidelines are available for the in-situ assessment of corroded existing
structures and detailed procedures and validated models to be adopted for the
prediction of the residual mechanical response of corroded strands are not
defined. Therefore, the engineering daily practice is hindered by the lack of
well-consolidated simplified formulations and analytical models that
investigate the uncertainties in the correlation between the damage induced by

corrosion and the residual mechanical response of corroded prestressing
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strands. To fill this gap, a detailed analysis of the longitudinal and sectional
pitting spatial variability of corroded strands should be carefully conducted to
identify the key corrosion parameters that affect the residual behaviour of
corroded reinforcements.
= Because of the different corrosion techniques adopted, associated with a
variability in the current density applied in the case of IC method, the
mechanical properties results obtained from tensile testing varied from study
to study. Moreover, even though the proposed analytical models usually
assumed the same bilinear trend for the description of the residual stress-strain
relationship of a corroded strand, different input parameters, such as mass loss
or maximum and average cross-sectional loss, were used in the estimation of
ultimate residual mechanical properties. This variability is confirmed by the
different regression relationships for the ultimate mechanical properties decay
proposed by the different authors. As a result, new reliable constitutive models
based on simple input parameters — easily measurable during in-situ inspection
— and simplified expressions — quickly applicable in daily engineering practice
— should be provided. Once simplified stress-strain relationships are available,
assessment analytical methods capable of inputting the results of in-situ
inspections and outputting the residual mechanical capacity and the residual
life estimation of a corroded member should be provided to optimize the
maintenance strategies of the existing structural heritage.
In this framework, the present Thesis analyzes several naturally corroded prestressing
strands extracted from full-scale PC beams with the aim to:
- Investigate the characteristics of the pitting spatial variability of corroded strands;
- Propose correlations able to provide the input parameters for the definition of both
refined and simplified constitutive laws, useful in the prediction of the residual

stress-strain relationship of a corroded strand.
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3.6 Current guidelines and codes for the structural assessment of

corroded beams and reinforcements

To date, prestressed concrete is globally recognized as a viable building and
infrastructural system that, if compared to reinforced concrete, provides numerous advantages,
such as design flexibility, longer spans, increased ultimate load-carrying capacity and in-service
performance. However, corrosion durability problems continue to be documented not only in
Italy but all over the word. Due to the strategical importance of PC structures, such as bridges,
power plants and tanks, the scientific community needs to develop practical methodologies for
determining the remaining service life of these damaged structural elements. According to
Figure 3-23, there are three main steps to be considered for a detailed assessment of a corroded
member:

I.  Definitions of corrosion process and mechanism: this mostly pertains to
durability issues caused by aggressive agents diffusion towards embedded
reinforcements and the related estimation of the corrosion initiation period,
(Tuutti, 1982);

II.  Evaluation and quantification of corrosion effects: this mainly refers to the
estimation of the propagation period of the corrosion process through the
development of simplified measurement-based correlations and analytical
constitutive laws that relate corrosion parameters to the residual mechanical
response of reinforcements;

III.  Prediction of the residual service life: this is pursued through the introduction
of simplified analytical models capable of reproducing the deteriorated
behaviour of a structural member with a relative margin of safety.

Prior to the introduction of Eurocode 1992-1-1(CEN-EC2) in 2004, durability was not
considered a significant issue in building standards. Indeed, it was believed that for reinforced
concrete structures, a proper concrete cover thickness was sufficient to shield reinforcements
from the ingress of aggressive agents — such as chloride ions and carbon dioxide — which are
responsible for the activation of corrosion processes. Following the occurrence of several
collapses of deteriorated structures worldwide, the necessity to improve the scientific
knowledge on corrosion topic became clear. In this regard, a significant step forward was
introduced by the CONTECVET manual (4 Validated User’s Manual for Assessing the
Residual Life of Concrete Structures) in 2001. This guideline was developed on real case studies

and provided a step-by-step procedure for the evaluation of the residual service life of structural
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elements in the case of both homogeneous or localized corrosion through the application of
simplified or detailed methods.

Concerning the estimation of the initiation period, fib Bulletin 34 (2006) and fib
Bulletin 76 (2015) presented approved durability related models by accurately treating the
environmental factors that lead to concrete and embedded reinforcements degradation. These
models differ for the chloride-induced or the carbonation-induced corrosion. Since the present
work focuses on the analysis of prestressed beams and strands exposed to chloride attack,
exclusively the model inherent to this type of corrosion is briefly mentioned.

The chloride concentration diffusion model, commonly known as Fick’s second law
of diffusion, was proposed for estimating the initiation time, through the expression reported in
Eq. 3-14:
c—Ax
2Dt

where, Cei; 1s the critical chloride content, C(x,?) is the chloride content at depth x from the

C

i =C(x=c1)=C,+(C,,—-C,)| 1-erf 3-14

concrete surface at a certain time ¢ (years), x is the concrete cover thickness (mm), Co is the
initial chloride content (%), Cy, is the achieved surface chloride content (%), which can be for
example evaluated from scientific literature according to the DuraNet report (Helland et al.,
2003) in function of the height above sea level, and D is the chloride diffusion coefficient of
the concrete, which significantly varies as a function of the exposure condition.

Referring to the quantification of corrosion effects and subsequent evaluation of
deteriorated members’ service life, no codes or guidelines are currently available, except for
the procedure defined by the CONTECVET manual, which is based on the prediction of the
penetration depth of corroded reinforcements as a function of the propagation period and the
representative current density. On the one hand, the propagation period can be easily calculated
once the initiation period is estimated and the carbonation front or the chloride profile are
known. On the other hand, the representative current density can be evaluated by adopting
monitoring techniques or in-situ measurements. In the lack of direct measurements, the
CONTEVECT manual provides potential current density ranges to consider as a function of the
actual environmental exposure class, as defined in EN206, (CEN, 2014). Once the penetration
depth is known, the corrosion effects and the residual service life of the deteriorated structural

element can be evaluated.
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Figure 3-23 Steps of the structural assessment of corroded members.

In recent years, more research activities on the structural assessment of corroded
members are ongoing. For example, the new guidelines for existing bridges within the Italian
roadway network, entitled “Linee Guida per la classificazione e gestione del rischio, la
valutazione della sicurezza ed il monitoraggio dei ponti esistenti”’, has been published,
(Ministero delle Infrastrutture e della Mobilita Sostenibili, 2022). This document derives from
the work carried out by the High Council for Public Works (HCPW), which appointed a
technical committee to select a number of case-study bridges for an early application of the
guidelines, (Cosenza et al., 2020).

This document proposes a multi-level approach aimed to the classification, risk and
safety assessment, and monitoring of existing bridges. The first step consists in collecting of
available information (technical reports and drawings), and maintenance protocols. The second
step involves a report production concerning the detect structural (e.g., corrosion) and non-
structural damage (e.g., expansion joints) by conducting a visual inspection of the bridge. At
this stage, structural, geotechnical, hydraulic, and seismic hazard parameters should be
considered for a simplified risk assessment. Consequently, a preliminary and/or more detailed
safety check is performed to establish the safety level of the construction as well as the
monitoring protocol by considering the risk class of the investigated bridge, through a multi-

level approach to define prioritization schemes for the bridge network.
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In addition, as part of the Italian national PRIN and Reluis projects, several research
groups are conducting extensive research on the structural assessment of corroded reinforced
and prestressed concrete members, such as bridge girders, dapped-end-beams, etc...

Finally, at an international level, the new version of the fib model Code 2020 will be

published soon, which will include sections devoted to corrosion.
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IMPORTANT NOTES: The topics covered in this chapter directly refers to statements,
figures and results published by the author in the below mentioned works available in scientific

literature:

» Franceschini L., Belletti B., Tondolo F. & Sanchez J. (2022). Study on the probability
distribution of pitting for naturally corroded prestressing strands accounting for

surface defects. Buildings, 12, 1732. https://doi.org/10.3390/buildings12101732

» Franceschini L., Belletti B., Sanchez J. & Tondolo F. (2022). Dependency of pitting
corrosion spatial variability on crack pattern of prestressed concrete members.

Proceedings of the 14™ fib PhD Symposium, 5 — 7 September 2022, Rome, Italy.
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4.2 Experimental program introduction

The present experimental program has been conducted by the University of Parma in
collaboration with the Instituto de Ciencias de la Construcciéon Eduardo Torroja of Madrid
(Spain) and the Politecnico of Turin (Italy).

A comprehensive study of a series of fourteen full-scale PC beams coming from a
refrigeration tower of a Spanish thermal power plant was carried out. During their 10 years of
service, the beams had been subjected to continuous sea water wet-dry cycles, as evidenced by
the presence of chloride-induced corrosion. As a result, the owner of the power plant decided
to dismantle the deteriorated beams and to bring them to the Eduardo Torroja laboratory for
testing. Two experimental campaigns were performed from March 2018 to June 2019. During
the first campaign — conducted from March to June 2018 — eight corroded and two un-corroded
PC beams were tested, whereas the remaining six were analyzed during the second campaign —
conducted from March to June 2019. All the beams were characterized by the same
reinforcement and geometrical dimensions, while two un-corroded beams were especially
fabricated with the same cement, concrete and curing conditions of the corroded ones to be used
as a reference for the evaluation of corrosion effects. It is worth noting that two un-corroded

and ten out fourteen naturally corroded PC beams are analyzed in the present Thesis.
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4.3 Naturally corroded PC beams description

All full-scale PC beams had a rectangular cross-section with a width, b, and heigh, 4,
equal to 150 mm and 300 mm, respectively. The total length, L., varied for beams belonging
to the first and second campaign and was equal to 5.44 m and 5.21 m, as shown in Figure 4-1.
The longitudinal and transversal thickness of concrete cover, measured from the centroid of
reinforcements at the top and bottom of the concrete cross-section, were equal to 40 mm and
50 mm. The bottom of the beam was prestressed with two 7-wire prestressing strands (type
1/2S) having an equivalent diameter, ¢eq,0, €qual to 12.9 mm and a constant winding pitch. The
seven wires were cold-drawn with homogeneous cross-sectional area. The six external wires
and the core wire had a radius equal to 2.13 mm (7ouzer) and 2.19 mm (#iuner), respectively. The
un-corroded cross-sectional area of the strand was equal to 100 mm?, 4,0, while the area of
inner, Auw,imer0, and outer, Aw ouer,0, Wires were equal to 15 mm? and 14.22 mm?. The initial
prestressing stress, g0, was equal to 1408 MPa, resulting in a total initial prestressing force,
Fp0, of 281.60 kN. The top of the beam was reinforced with two steel ribbed bars with a
diameter equal to 5 mm having an un-corroded cross-section, 450, equal to 19.63 mm?. In
addition, no transversal reinforcement was provided and an eccentricity, e, of prestressing
reinforcement from the mid-height of the PC beam equal to 100 mm was measured. For the

sake of clarity, Figure 4-1 highlights beam configurations and reinforcement details.
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Figure 4-1 Beam details: (a) and (b) longitudinal configurations of two campaigns, (c) cross-section.
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4.3.1 Materials

After failure testing, twenty-five concrete core samples with dimensions of 100 mm x
50 mm (height x core diameter) were extracted from the corroded PC beams to evaluate the
cylindrical concrete compressive strength, Figure 4-2(a). Afterwards, compressive uniaxial
tests under force-control were performed using an Automax 5 machine, working at a load rate
of 0.6 MPa/s, as reported in Figure 4-2(b)-(c). Based on the obtained test results, an average

concrete compressive strength, fo,, equal to 45.4 MPa was calculated.

'

_-—\

' ' Concrete core
100 [mm] samples l
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Figure 4-2 Evaluation of concrete compressive strength: (a) concrete core samples, (b) compressive
uniaxial test machine and (c¢) example of sample failure.
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Referring to the mechanical properties of un-corroded reinforcements, top longitudinal
rebars had a yield strength, f;0, and an ultimate strength, £, 0, equal to 450 MPa and 500 MPa,
respectively. Moreover, the ultimate strain, &,,0, was equal to 18%, while the elasticity modulus,
Ego, was 195 GPa. Although prestressing strands are analyzed in detail in the following
chapters, it is already possible to disclose that an un-corroded ultimate strength, f,.,0, and an un-
corroded ultimate strain, &p,0, equal to 1901.75 MPa and 5.1% respectively, were
experimentally measured from tensile testing of four samples showing no signs of corrosion.

An elastic modulus, Ej 0, equal to 195 GPa has been assumed.

4.4 Preliminary investigation

Referring to scientific literature, many efforts have been devoted to the study of
experimental correlations, in which the concrete surface damage, especially in the form of crack
width measurement, is related to the corrosion level of embedded reinforcements, (Al-Harthy
et al., 2011; Andrade et al., 1993; Audenaert et al., 2009; Chernin et al., 2012; Frangois &
Arliguie, 1999; Kotes, 2013; Pedrosa & Andrade, 2017). Indeed, an early detection of surface
damage can facilitate the in-situ technical assessment of corroded structures and may avoid
high maintenance costs and significantly limit sudden collapses, traffic disruptions and fatalities
that would take place in the case of severely deteriorated structures. In this context, longitudinal
splitting cracks, swellings, and spalling of concrete cover can be considered typical warning
signs of the ongoing corrosion process. Therefore, the analysis of these types of surface defects
plays a key role in the prediction of the remaining service life of a corroded member and
provides useful information for the identification of the most deteriorated parts of the structural
element that urgently need retrofitting or strengthening interventions. However, considering PC
members, a lack of scientific studies in this research field has been observed. To fill this gap,
in the present chapter, all corroded PC beams were firstly visually inspected by identifying and
mapping any concrete surface defects. Subsequently, indirect corrosion measurement such as
(1) corrosion potential mapping as well as (i1) ohmic drop, (ii1) corrosion rate and (iv) chloride
content measurements were conducted only on corroded beams belonging to the second
experimental campaign to preliminary describe the different behaviour of cracked and un-
cracked regions of corroded PC beams. In detail, an identifying code in the form — PBw — was
used to distinguish the analyzed corroded beams, where PB stands for Prestressed Beam and w

is a number indicating the name of the beam. The numbers vary from 5 to 8 and from 9 to 14
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for beams belonging to the first and second campaign, respectively. Furthermore, the letter N

is added after the acronym PB to identify the un-corroded specimens.

4.4.1 Visual inspection and concrete surface defects mapping

As a first step, corroded PC beams were visually inspected to detect areas potentially
affected by corrosion damages, where critical brittle failures might be more likely to occur. As
highlighted in Figure 4-3, the most common concrete surface defects were:

(i) Swelling;
(i1) Crazing;
(1i1)Spalling of concrete cover;

(iv)Longitudinal cracks induced by splitting of concrete.

Swelling

I

Crazing

Spalling of concrete cover

Figure 4-3 Detected surface defects of concrete.
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Figure 4-4 Crack pattern of corroded PC beams.
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Additionally, Figure 4-4 reports the crack patterns of each corroded beam, where the
main surface defects are drawn in red in their exact location. As expected, un-corroded beams
did not show any corrosion damage and are not indicated in Figure 4-4. In detail, swelling of
concrete was detected at top-left and top-right side of beam PB11 and PB13, respectively,
whereas, concrete crazing was observed at top-right side and at right edge of beams PB7 and
PBS8. Beams PB9, PB12, PB13 and PB14 showed longitudinal cracks in correspondence of
prestressing reinforcements at one or both beam edges, characterized by various crack
extensions. Conversely, beam PB10 showed a significant longitudinal crack at mid-span.
Finally, with the exception of beams PB11, PB13 and PB14, all beams exhibited spalling of
concrete cover at one or both beam edges.

During beam characterization, a construction practice deficiency consisting in the lack
of prestressing reinforcements protection was observed at all beam edges, as shown in Figure
4-5. This latter was identified as the primary cause of beam corrosion damage since it caused
the uncovering of prestressing reinforcements and significantly promoted the penetration of

chloride ions during the wet-dry cycles.

(b)

Figure 4-5 Focus on the construction practice deficiency identified at (a) left and (b) right beam edges.

Since crack opening was not measured before testing in the present experimental
campaigns, a direct comparison between crack widths and corresponding reinforcement
corrosion levels cannot be performed. Nevertheless, a new experimental campaign on further
corroded PC beams — coming from the same thermal power plant and characterized by the same
exposure condition — has been planned to investigate the crack opening issue with the aim to

provide useful relationships to be applied in the assessment of deteriorated structural members.

49



Characterization of 10 year-old corroded PC beams

4.4.2 Indirect corrosion measurements

Concurrently with the visual inspection activity, corroded PC beams belonging to the
second campaign were subjected to indirect corrosion measurements in terms of (a) mapping
of the corrosion potential, E.o-, (b) ohmic drop, and (c) corrosion rate, I..-, at the level of
prestressing reinforcements by adopting GECORI10 instrument. According to RILEM
recommendations, (Alonso C. et al. 2004), these types of measurements are suitable for the
characterization and the on-site conditions assessment of RC and PC members since they can
be applied in any condition by ensuring temperature higher than 0°C and pre-wetting the
concrete surface before the measurement. The main drawback consists in the possibility to
measure the closer reinforcement layer facing the counter electrode only. Nevertheless, since
the investigated PC beams were characterized by the absence of transversal reinforcement layer,
they were unaffected by this limitation. In addition, chloride moisture content, CI’, was
evaluated by conducting chloride tests as described in the procedure of Chinchén-Paya et al.

(2021).

4.4.2.1 Corrosion potential mapping

The potential mapping of embedded reinforcements is a measurement technique that
evaluates the electromotive force, or the voltage conducted by reinforcement surface, which is
commonly considered as a useful parameter in identifying areas potentially affected by
corrosion. Indeed, during the corrosion process, anodic and cathodic regions form at steel-
concrete interface, causing a difference in the electrochemical potential and leading to the
consequent current flow in the electrolyte (concrete). The measurement of electrochemical
potential differences along the overall beam length allows to identify the regions more prone to
corrosion. Since the method is based on the local electrochemical potential measurement, it
results effective for the estimation of the corrosion probability of both homogeneous and
localized deterioration processes. However, the main drawback is that the adopted technique
does not allow for a quantitative measurement of either corrosion rate or corrosion damage
level.

The set-up consists of: (i) a high impedance voltmeter, (ii) a reference electrode, (iii)
the actual reinforcement, which corrosion tendency must be evaluated, and (iv) the concrete
environment. In detail, the circuit was realized by connecting the prestressing reinforcement,
embedded in concrete environment, to the positive pole of the high impedance voltmeter and

the reference electrode to the negative one, as shown in Figure 4-6. From the practical in-situ
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activity point of view, the measurement was performed by detecting the electrochemical
potential (voltage) of the prestressing strand with respect to a reference electrode placed in
contact with the concrete surface by using a sponge soaked in water and with a copper sulphate
electrode. Since prestressed concrete beams were analyzed, the usual copper / saturated copper
sulfate electrode (Cu / CuSOs), which consists of a copper bar immersed in a saturated solution
of copper sulfate, set in contact with the external environment by means of a porous septum, of

wood or ceramic material, was adopted.

Reference electrode

GECORI10 Instrument (Cu/CuSO,)

Concrete environment

Prestressing reinforcement

Figure 4-6 Test set-up for corrosion potential methodology.

Generally, Eco values higher than -200 mV represent a probability of absence of
corrosion greater than 90%, Ec.r- values ranging between -200 mV and -350 mV correspond to
uncertainties about the presence of corrosion (about 50% of probability), whereas Ec..- values
lower than -350 mV stand for a corrosion probability greater than 90%. Figure 4-7 shows the
corrosion potential maps of each investigated beam, where orange and red colours are used for
regions with an intermediate and a high probability of corrosion, respectively. Moreover, the
experimental E... values measured at mid-span and at the left and right side at a distance of
300 mm from beam edges are reported in Table 4-1.

As a result, a high probability of corrosion was generally measured along the overall
beams extension. Moreover, the higher Ec. values coincided with the beam regions
characterized by the presence of longitudinal splitting cracks, as highlighted in the dashed red
box in Figure 4-7.
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Table 4-1 Corrosion potential measurements, Ecorr.

Beam Specimen Ecorr left edge Ecorr mid-span Ecorr right edge
PB9 -577.70 -296.80 -450.80
PB10 -480.10 -644.30 -414.00
PB11 -431.40 -282.50 -233.30
PB12 -530.30 -382.30 -457.70
PB13 -514.60 -364.10 -401.60
PB14 -511.50 -330.00 -390.80
E,p [mV]
-200 -650

——=-- PB9fU
NSNe— |

!
-

PBI11

{-==- Pm2/H

I III_. [ S )
I
4===% PBI13
|"\_~.—|
I I || ) [ S )
|
| I
PB14

Figure 4-7 Corrosion potential maps along the overall length of each PC beam.
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4.4.2.2 Corrosion rate and ohmic drop measurements

At the same location in which E... values were measured, i.e. beam mid-span and
right and left edges, corrosion rate and ohmic drop values were estimated by using GECOR10
instrument, as reported in Table 4-2.

Corrosion rate measurement was carried out by adopting the linear polarization
resistance technique. In general terms, the polarization resistance, R,, of a reinforcement
embedded in concrete is defined as the ratio between applied voltage, AE, and the step of
current, Al, (Alonso et al. 2004) — multiplied by the exposed metallic area. This methodology
consists in the alteration of prestressing reinforcement electrochemical potential through the
application of an external current. The linear polarization technique allows to evaluate the
corrosion rate of the reinforcement without significantly changing its potential. The set-up
consists of: (i) the actual reinforcement for which the corrosion rate must be measured, also
known as working electrode, (ii) a reference electrode, denoted as RE, (iii) a counter electrode,
denoted as CE, that delivers current during the test, (iv) the concrete environment, and (v) a
potentiostat that imposes a certain potential for the polarization of the prestressing
reinforcement, as highlighted in Figure 4-8. The presence of three electrodes is fundamental
since it allows for simultaneous potential control and current measurement of the working
electrode by avoiding interferences from other electrochemical events that may be present in
the cell. Once the reinforcement is polarized — generally within a small potential range around
its free corrosion potential, Eoc, equal to 10 mV — the relationship between potential and
external current is almost linear. In particular, it is worth noting that the open circuit potential,
Eoc, 1s the potential difference between the metal working electrode and the RE when immersed
in the electrolyte. For the sake of completeness, the entire test procedure can be summarized in
the following steps:

1. Evaluation of the open circuit potential, Eoc;

2. Application of an electrochemical potential, £, of about -10 mV of the
previously defined Eoc;

3. Scanning at a slow scan rate until an electrochemical potential of about +10
mV of Eocis reached;

4. Current measurement, i;

5. Calculation of the slope that graphically relates the applied electrochemical
potential and the measured current = AE/Ai =R, (true polarization resistance),

6. Adoption of the Stern-Geary relationship for R, conversion into corrosion

current density, icor;
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7. Estimation of the corrosion rate (non-uniform corrosion current in the case of
localized pitting attack), Zco, from the related icor.
In detail, according to the theory proposed by Stern and Geary (1957), the corrosion
current density can be evaluated as the ratio between the simplified constant B, which for
reinforcement embedded in concrete is assumed equal to 26 mV, (Andrade & Gonzalez, 1978),

and the polarization resistance, R,, (Qcm?) according to the expression highlighted in Eq. 4-1.

= 4-1
R, R,[Qcm”]

P

2

; ud | _ B _ 200mV]
corr m

GECORI10 Instrument

Reference electrode

Counter electrode

Concrete
environment

1
I
1
1
1
1
\
1
\
\
\
\

Prestressing reinforcement

Figure 4-8 Test set-up for linear polarization methodology — /..- measurements.
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Considering corrosion rate measurements, which are expressed in a logarithmic scale
in Figure 4-9(a), values higher than 0.2 pA/cm? were obtained, except for beam PB11. These
latter values resulted beyond the established threshold of corrosion activation set equal to 0.1
uA/cm?, (CONTECVET, 2001). Moreover, from the comparison between crack patterns —
reported in Figure 4-4 — and the obtained corrosion rate values, I.o higher than 0.5 pA/cm?
were registered in correspondence of the presence of longitudinal cracks. Thus, a more severe
corrosion level was expected for strand samples belonging to these critical deteriorated zones.

During the same procedure, also the ohmic drop, K, was evaluated and the obtained
values are shown in Figure 4-9(b) and reported in Table 4-2. According to the outcomes, ohmic
drop values ranged between 5 kQ and 15 kQ, except for beam PB11 that highlighted values
higher than 30 kQ. Since the geometry of the ohmic drop measurements was similar for all
beams, this parameter can be considered to be directly related to the resistivity of concrete and
the differences in values can be attributed mainly to the moisture content in the concrete itself.
Indeed, higher values of ohmic drop imply high concrete resistivity and therefore probable low

corrosion damages of the prestressing reinforcements.

Longitudinal splitting cracks

10 \R
S| 0.1 pA/cm?
Critical threshold \

Corrosion rate, I,,,,, [nA/cm?]

PB9 PB10 PBI1 PB12 PBI3 PBl4
Prestressed concrete beam

(@

Ohmic drop [kQ]

PB9 PBI0 PB11 PBI2 PB13 PBIl4
Prestressed concrete beam

(b)

Figure 4-9 Main outcomes: (a) corrosion rate and (b) ohmic drop values.

4-15



Characterization of 10 year-old corroded PC beams

Table 4-2 Corrosion rate and ohmic drop measurements.

Left edge Mid-span Right edge

Beam specimen Tears K Teorr K Teors K

(rA/cm?) kQ) (nA/cm?) (kQ) (nA/cm?) (kQ)
PB9 0.630 3.79 0.257 8.65 0.250 9.04
PB10 0.239 10.04 0.499 4.74 0.204 10.15
PB11 0.036 37.06 0.049 32.31 0.049 34.75
PB12 0.394 6.34 0.202 8.59 0.592 5.15
PB13 0.605 4.80 0.222 13.54 0.345 11.81
PB14 0.768 5.65 0.339 10.96 0.194 12.37

4.4.2.3 Chloride moisture content estimation
At the Instituto Eduardo Torroja of Madrid, chloride tests were conducted by adopting
a spectrophotometry XRF technique on concrete samples extracted from the same locations
where corrosion potential and corrosion rate were previously evaluated. This method, also
known as X-ray fluorescence spectroscopy, is a non-destructive technique that — through the
study of X-ray fluorescence — allows the analysis of the elemental (chemical) composition of
concrete samples, once sample atoms are excited by X-rays and high-energy gamma.
The overall testing procedure is schematically highlighted in Figure 4-10 and can be
summarized in the following steps:
1. Retrieval of small concrete samples from tested corroded PC beams, Figure
4-10(a);
2. Crumbling of concrete samples with a mortar, Figure 4-10(b);
3. Samples setting and arrangement in the testing machine, Figure 4-10(c);
4. Execution of chloride test by means of DELTA portable XRF gun, data
collection and post-processing on a portable computer, Figure 4-10(d).
As a result, the spectrophotometry XRF technique returned the value of chloride
content of the analyzed sample expressed in p.p.m. (Parts Per Million), as reported in Table 4-3.
Thereafter, knowing the cement density — set equal to 2200 kg/m? — and the cement content —
established equal to 350 kg/m> —, the content of chloride ions, %CL", expressed as a function of

cement content percentage was estimated according to Eq. 4-2 and reported in Table 4-3:
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% - density(cement)
— 4-2
vl — 1000
content(cement)
Table 4-3 Chloride content measurements.
Beam specimen Left edge Mid-span Right edge
Ccr Ccr Cr Cr Cr Ccr
(p.p-m.) (Ycem) (p.p-m.) (%cem) (p.p-m.) (Y%cem)
PB9 10575 7.82 2190 1.62 2967 2.19
PB10 3436 2.54 9921 7.34 2875 2.13
PB11 3193 2.36 3380 2.50 3520 2.60
PB12 3553 2.63 3294 2.40 3848 2.85
PB13 3775 2.79 3468 2.56 3303 2.44
PB14 4406 3.26 5293 3.91 3771 2.79

Figure 4-10 Spectrophotometry XRF technique procedure: (a) retrieval of samples, (b) crumbling of

i SN

concrete, (c) test arrangement and (d) chloride test execution.
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The tests were conducted according to the Spanish standard EHEO8, (Ministry of
Public of Works, 2008), which defines a critical threshold of chloride content of 0.6%cem.
Based on the obtained results, the measured chloride content varied between a minimum value
equal to 1.62%cem, evaluated at mid-span of beam PB9, and maximum values equal to
7.82%cem and 7.34%cem, evaluated at the right edge of beam PB9 and at mid-span of beam
PB10, respectively. Therefore, it was demonstrated that the presence of chloride ions was
abundant inside the investigated beams and played a significant role in inducing corrosion
damage. In particular, it was observed that the value of chloride content also varied significantly
along the beam length, being especially affected by beam regions characterized by longitudinal
splitting cracks, as shown in Figure 4-11. Indeed, the average chloride content — considering all
analyzed PC beams — was about 2.5%cem, except for two values with chloride content close to
8%cem. These anomalous measurements — in correspondence of the left edge of beam PB9 and
at mid-span of beam PB10 — were strongly impacted by the presence of remarkable longitudinal
cracks that allowed chloride ions to penetrate directly into concrete during the wet-dry cycles
and to concentrate at prestressing strands level after a limited period of time if compared to

beam regions where the concrete cover was undamaged.

Longitudinal splitting cracks
|

10 x
g

mid-span

left-edge right-edge

N

0.6%
Critical threshold

PB9 PBI10 PBI11 PBI12 PB13 PBl4
Prestressed concrete beam

Chloride moisture content, CI- [%cem]

Figure 4-11 Main outcomes from chloride tests.
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4.5 Main observations

By comparing the different investigated parameters, a good correlation between
corrosion rate and ohmic drop was defined, as shown in Figure 4-12 and expressed by the

exponential relationship reported in Eq. 4-3.
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Figure 4-12 Relationship between corrosion rate and ohmic drop.

In particular, with the increase in measured ohmic drop (or concrete resistivity), a rapid
decrease in corrosion rate was observed. The present correlation results particularly useful in
understanding the different behaviour of beam PB11 and justifying the measured /... values
lower than 0.1 pA/cm?. The lower corrosion susceptibility of beam PB11 was also confirmed
in Figure 4-13 by the comparison between /.. values and percentage of chloride content, where

for the I.o, values — lower than 0.1 pA/cm? — chloride concentration close to 2.5%cem were

measured.
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Figure 4-13 Relationship between corrosion rate and chloride ions concentration.

Finally, some preliminary remarks on the corroded PC beams can be outlined:

Significant concrete surface defects were observed during the visual inspection.
Spalling of concrete cover and longitudinal splitting cracks were found to be the
most severe damages enhancing the chloride-induced corrosion process over the
beams’ service life (10 years). In addition, strand deterioration was facilitated by
the lack of prestressing reinforcement protection at beam edges, which left strands
free to corrode during the refrigeration wet-dry cycles of the thermal power plant.
From the corrosion potential mapping, a high probability of corrosion was detected
along the overall length of each corroded beam.

Corrosion rate values, I, higher than 0.1 pA/cm? — corresponding to the
established threshold of corrosion activation — were measured for all beams by
adopting the linear polarization technique, except for beam PB11 that showed
particularly high concrete resistivity.

Chloride tests, carried out by adopting the spectrophotometry XRF technique,
revealed that the analyzed concrete samples were rich in chloride, C7, as confirmed
by chloride concentration levels considerably exceeding the standard threshold of
0.6%cem.

Beam regions characterized by the presence of longitudinal splitting cracks formed
at prestressing reinforcements level showed: (1) higher Ec,. values in the range of

-500 mV, and (ii) Lo values higher than 0.5 pA/cm?. Moreover, anomalous
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chloride content concentration of about 8%cem were measured at the left beam
end side of beam PB9 and at mid-span of beam PB10. These evidence highlighted
that the investigated PC beams were strongly affected by the presence of
remarkable longitudinal cracks, which most probably allowed chloride ions to
penetrate directly into concrete during the wet-dry cycles and to quickly
concentrate at the level of prestressing strands after a limited period of time.

From the comparison of several investigated parameters, an exponential
relationship between corrosion rate and ohmic drop experimental measurements
was defined. In particular, based on the obtained data, a lower corrosion level is

expected for beam PB11.
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IMPORTANT NOTES: The topics covered in this chapter directly refers to statements,
figures and results published by the author in the below mentioned works available in scientific

literature:

» Belletti B., Rodriguez J., Andrade C., Franceschini L., Sanchez J. & Vecchi F.
(2020). Experimental tests on shear capacity of naturally corroded prestressed

beams. Structural Concrete, pp. 1-17. https://doi.org/10.1002/suc0.202000205

» Vecchi F., Belletti B., Franceschini L., Andrade C., Rodriguez J. & Sanchez J.
(2020). Flexural test on prestressed beams exposed to natural chloride action.
Proceedings of the fib CACRCS Days 2020: Capacity Assessment of Corroded
Reinforced Concrete Structures, 1% — 4" December 2020, venue on-line, Italy, pp:

205-212.

Specifically, the experimental tests on corroded PC beams were conducted at the Instituto
Eduardo Torroja of Madrid. Furthermore, the test results were taken to be discussed in the
present work from the Master Thesis of Stefano Zambonini from the University of Parma,
entitled “Influence of corrosion in the prestressed concrete beams: experimental test and non-
linear finite element analysis” and Alessandro Corrente from the University of Parma, entitled

“Experimental study on corroded prestressed concrete beams”.
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5.2 Introduction

As previously pointed out in the State-of-the-Art section, a lack of experimental tests
concerning the investigation of the residual flexural and shear performance of naturally full-
scale corroded PC beams was observed in the scientific literature. To fill the gap, the present
chapter first studies the flexural capacity of two corroded (PB10 and PB11) and one un-
corroded (PBN2) PC beams by performing three-point bending tests up to failure.
Subsequently, the shear capacity of seven corroded (PB5, PB6, PB7, PBS, PB9, PB13 and
PB14) and one un-corroded (PBN1) PC beams is also investigated by adopting four-point
bending tests procedure.

During the above-mentioned tests, load-deflection curves were recorded, and the
Digital Image Correlation (DIC) methodology was employed to analyze the 3D displacement
and principal tensile strain fields of each tested beam with the aim of deeply investigate their
failure mode. After an accurate description of the experimental program, the corrosion effects
on flexural and shear capacity, ductility and change in failure mode are discussed and the main
observations are drawn. To this end, the prestressing reinforcements were extracted from each
beam after testing and classified through a visual inspection to estimate their corrosion level.

The testing of beam PB12 was hindered by technical issues that did not allow the
recording of the related load-deflection response. Although the relations between corrosion
effects and the residual mechanical response of the beam could not be studied, the visual
inspection of the prestressing reinforcements was conducted to increase the number of corroded

strands to be subsequently analyzed.

5.3 Experimental Procedure

5.3.1 Test set-up

Three simply supported beams — one un-corroded and two corroded — were loaded in
a three-point loading system up to failure under load-control condition to evaluate the
corrosion-induced decay of flexural capacity, as shown in Figure 5-1(a). The load was applied
at a mid-distance between supports (L/2) by adopting a servo-hydraulic actuator with a nominal
maximum capacity equal to 200 kN, Figure 5-2; whereas the deflection was measured using a
Linear Variable Displacement Transducer (LVDT), placed at the bottom of the beam in
correspondence of the loading point. Steel plates with dimensions equal to 70 x 250 x 8 mm —

placed at supports and at load point application — completed the loading-controlled system, as
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highlighted in Figure 5-2. To evaluate the corrosion-induced decay of shear capacity, the
remaining PC beams — seven corroded and one un-corroded — were tested in a four-point
loading system up to failure, Figure 5-1(b). In this case, the same experimental test set-up was
adopted, with the exception of two symmetrical loads applied at a distance of L/3 from the

supports by means of a steel beam used for load distribution, as in Figure 5-1.

1 Applied Load

(a) I h
@ Steel Support ﬁ LVDT Steel Support
% dl y L y dZ y
A A Yl 1
Y L2 L2 %

¥
1 Applied Load
Steel beam for

H Joad distribution

(b) | | I h

== Steel Support D LVDT Steel Support
% d, % L % d y
A A A d
Y L/3 Y L/3 y L/3 y
A A A A

Figure 5-2 Focus on loading system components: (a) steel plate under the loading point, (b) steel plate
at supports and (c) servo-hydraulic actuator.
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Based on the visual inspection outcomes, the distance between supports, L, was not
assumed fixed for all tests but varied depending on the concrete surface damages previously
detected, such as the presence of longitudinal splitting cracks or spalling of concrete cover.
Therefore, referring to the four-point bending tests, the loading points were not applied
symmetrically to the overall beam length, L., since the distances between beam edges and
supports, di and d», varied according to the corrosion damage. To standardize the tests, the
supports were respectively assumed to be at a distance of 200 mm from the beam edges in the
case of absence of corrosion damage, or 200 mm from the end of the damage in the case of
concrete surface corrosion evidence. For the sake of completeness, Table 5-1 summarizes, for
each analyzed beam, the main loading set-up dimensions and, in the case of four-point bending
tests, reports the shear span-to-depth ratios, a/d, where the shear span a is set equal to L/3 and
d is assumed equal to 250 mm. Moreover, the beam identification code was updated by adding
a term representing the applied loading scheme after the acronym PB: 3P or 4P for three-point

or four-point bending test set-up, respectively.

Table 5-1 Geometrical features of tested beams.

di L d> a/d

Beam Specimen gl [mm] [mm] [-]

Three-point bending tests: residual flexural performance

PBN3P1 200 5040 200 -
PB3P10 250 4710 250 -
PB3P11 250 4710 250 -

Four-point bending tests: residual shear performance

PBN4P2 200 5040 200 6.7
PB4P5 980 4260 200 5.7
PB4P6 200 4240 1000 5.7
PB4P7 200 4100 1140 5.5
PB4P8 1340 3900 200 5.2
PB4P9 950 4060 200 54
PB4P13 1000 3210 1000 43
PB4P14 1100 3110 1000 4.1
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5.3.2 Digital Image Correlation method

To complete the test set-up, the DIC methodology was adopted to monitor the

nonlinear behavior of the PC beams during the loading to failure phase and to subsequently

obtain full 3D displacement and principal strain fields. In detail, the DIC procedure was based

on:

II.

I1I.

IV.

The application of a uniform high-contrast speckle pattern to the beam surfaces — by
using speckles colored red, green, black and blue — within a Region of Interest, named
ROI, Figure 5-3(a)-(c). The ROI had dimensions /# x L with a heigh, 4, equal to 300
mm and a variable longitudinal length depending on the beam distance between
supports, L, Figure 5-3(a);

The usage of a lighting device for constant illumination during testing to avoid
interferences caused by the shadow effect;

The adoption of a high-resolution digital camera, which in the present experimental
program was a Nikon D7200 having 24.72 million pixels installed on a tripod at a
distance of approximately 3 m from the analyzed beam, Figure 5-3(b);

The images elaboration by means of the open source 2D software package Ncorr,

(Blaber et al., 2015; Schreier H et al., 2009), which works in MATLAB environment.

The post-processing phase of the DIC analysis consisted in the comparison between

the reference image representing the undeformed shape of the beam — captured before the

application of the load — and the images representing the deformed shape of the beam — captured

every 5 kN load increment. Finally, displacement and strain values were obtained by

overlapping the images of the undeformed and deformed beams.

l

o

Figure 5-3 DIC methodology set-up: (a) ROI identification, (b) focus on high resolution digital camera

and (c¢) focus on random high-contrast uniform speckle pattern.
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5.3.3 Estimation of corrosion level of prestressing reinforcements

Following the loading tests, the prestressing reinforcements were extracted from the
corresponding PC beams and visually classified to estimate the corrosion level, Figure 5-4. The
classification was conducted every 500 mm length and the corrosion level was assumed to be
approximately uniform for each piece of strand. In detail, three different corrosion levels,
denoted as LV-I, LV-II, and LV-III, were preliminary defined for the evaluation of the
corrosion pattern along the overall beam length, where blue, green and red colours were adopted

to identify low, intermediate, and high corrosion level, respectively, as reported in Table 5-2.

Table 5-2 Corrosion levels definition.

Classification example

Corrosion level Adopter colour . . .
(from visual inspection)

LV-1

Lv-II

LV-III

n-_ I_l
R . WP, o

(b)

Figure 5-4 Evaluation of corrosion level of prestressing reinforcements: (a) procedure of strands
extraction after testing and (b) extracted reinforcements.
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5.4 Flexural performance of corroded PC beams

Analyzing the behaviour of beams PBN3P1, PB3P10 and PB3P11 after the testing

phases (three-point bending), interesting considerations can be pointed out in terms of:

Failure Mode: Shear and anchorage failures did not occur during testing. All the
analyzed beams, in fact, failed in bending, as shown in Figure 5-5 — Figure 5-6 — Figure
5-7. In particular, the un-corroded PBN3P1 and the corroded PB3P11 failed due to
concrete crushing under the loading point. Unlike PBN3P1, which failed in a ductile
way after reinforcement yielding, PB3P11 failure was characterized by the rupture of
prestressing strands at mid-span, as shown in Figure 5-7(c). PB3P10 failure was
prematurely induced by splitting phenomena at prestressing reinforcements level, which
led to spalling of the concrete cover at the bottom part of the beam in correspondence
with the loading point and the related main flexural crack. Despite the extent of the
failure, no rupture of prestressing reinforcements was recorded.

Crack pattern at failure: For both corroded and un-corroded beams the crack pattern
consisted of vertical cracks forming at mid-span. Specifically, PBN3P1 and PB3P11
beams were characterized by multiple vertical cracks of varying size in the region of
constant bending moment, as highlighted in Figure 5-5(c) — Figure 5-7(c); whereas,
PB3P10 beam showed a remarkable single vertical crack under the loading point, Figure
5-6(c), accompanied by longitudinal splitting cracks occurring at the level of both top
reinforcement and bottom prestressing strands. It is worth noting that longitudinal
splitting cracks at strands level were already noticed during the first visual inspection,
as shown in Figure 5-6(a), and worsened during the loading phase.

Corrosion pattern after testing: As shown in Figure 5-6(b) — Figure 5-7(b), the
maximum corrosion level of strands was observed at mid-span in correspondence to the
maximum applied bending moment for both corroded beams PB3P10 and PB3P11. The
un-corroded reference beam, as expected, was unaffected by corrosion; therefore, no
corrosion pattern was provided for PBN3P1 beam in Figure 5-5.

Residual load-deflection response: The reference beam PBN3P1 showed the highest
mechanical response in terms of (i) load-carrying capacity — equal to 70.14 kN — (ii)
ultimate deflection at peak load — equal to 72.96 mm — and (iii) ductility — showing a
significant nonlinear behaviour, as reported by the experimental curve in Figure 5-8(a).
PB3P10 showed a premature brittle failure characterized by a peak load of 17.00 kN

and an ultimate deflection at peak load of 6.4 mm, without showing any plastic
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behaviour, as reported in Figure 5-8(b). Finally, PB3P11 exhibited a reduced sign of
ductility with a peak load of 62.00 kN and an ultimate deflection of 23.81 mm, as
reported in Figure 5-8(c). Since un-corroded and corroded PC beams were characterized
by different distances between supports, L, a direct comparison of peak loads at failure
could not be performed. To this end, the evaluation of the ultimate bending moment,

Miture, was conducted according to Eq. 5-1:

Pai ure L Pai ureL
Mfailure = e = = 0 5-1
2 2 4

where Priinre 1s the ultimate load recorded during the three-point bending test and L

represents the distance between the supports. Based on the obtained results, the ultimate
bending moment of the un-corroded PBN3P1 resulted equal to 88.4 kNm, while Myinure
for corroded beams was equal to 20.0 kNm and 73.0 kNm for PB3P10 and PB3P11,
respectively. Therefore, a reduction of ultimate bending moment of 77.38% and 17.42%
for PB3P10 and PB3P11was calculated using the un-corroded beam as a reference. For
the sake of clarity, Table 5-3 summarises the main experimental outcomes of the tested
beams in terms of (i) peak load, (ii) ultimate deflection, (iii) corresponding ultimate
bending moment, and (iv) observed failure mode. In detail, by comparing the residual
response and the crack pattern of the tested corroded beams, it can be affirmed that the
brittle behaviour of beam PB3P10 compared to beam PB3P11 was probably caused by
the reduction of the effective depth due to the concrete spalling under the loading point.
Moreover, the widespread extension of severely corroded prestressing reinforcements,
as shown by the corrosion pattern in Figure 5-6(b), might have induced a higher
reduction in the cross-section of prestressing strands and bond decay, promoting the
significant decrease in the load-bearing capacity of beam PB3P10. Furthermore, a high
chloride content approximately equal to 8% was previously measured at mid-span
during the beam PB3P10 characterization phase. It is worth mentioning that PB3P11
was the corroded beam that — during the characterization phase — showed higher
resistivity values and lower corrosion rate with respect to other corroded beams. This
evidence had preliminary suggested a lower corrosion level, hence, a higher residual
mechanical resistance of beam PB3P11, as confirmed by the loading test.

DIC analysis: the data post-processing was performed by means of Ncorr software to
better describe the sequence of the events that occurred during the test and to obtain
additional information on the maximum principal strain fields of the tested beams. The

analyzed load phases are marked by symbols in the load-deflection curves reported in
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Figure 5-8, while the evolution of the principal strain fields of each tested beam is shown
in Figure 5-5(d) and Figure 5-7(d), with the only exception of beam PB3P10, for which
it was not possible to record images useful to be processing due to its sudden failure.
Based on the obtained results, a similar evolution of maximum principal strain fields
was observed for beams PBN3P1 and PB3P11. Referring to PBN3P1, initial vertical
crack occurred at mid-span, under the loading point, for an applied load of 50 kN and a
deflection of 17.36 mm. Then, with the increase in the applied load, the flexural cracks
became more sizeable. The last recorded image of the beam, taken before its failure,
corresponds to a load of 65 kN and a deflection of 42.20 mm, where multiple vertical
cracks equally spaced were recorded. For beam PB3P11, the first cracks started to
develop after applying a vertical load equal to 45 kN. Thereafter, as the load increased,
the cracks propagated with a smaller spacing if compared to the un-corroded PBN3P1.
The maximum principal strains, plotted at a load of 50 kN, became more pronounced
and extended from the bottom to the top of the beam. Finally, the last recorded image
refers to an applied load of 60 kN and a deflection of 21.00 mm. At this loading stage,
it is possible to observe how the majority of the vertical cracks developed in
correspondence to the highest corrosion level (LV-III) —already detected from the visual
inspection of the prestressing reinforcements. The evolution of the vertical
displacements of each tested beam as the applied load increases are shown in Figure

5-5(c), Figure 5-6(c) and Figure 5-7(c).

Table 5-3 Flexural response of tested beams: experimental outcomes from three-point bending tests.

Praiture Afuiture Miaiture
Beam specimen [f(lil] [r];nln] [k{\lin] Failure mode
Bending due to top
t hi d
PBN3P1 70.14 72.96 88.40 conerete CTUSHng A
yielding of prestressing
reinforcements.
Sudden brittle failure
PB3P10 17.00 6.40 20.00 with the formation of a
single vertical crack
under the loading point.
Bending due to top
t hi ith
PB3P11 62.00 23.81 73.00 conerete Crusing wi

rupture of bottom
prestressing strands.
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Figure 5-5 Failure analysis of PBN3P1 beam: (a) crack pattern, (b) corrosion patter — in the case of un-
corroded beam is not available -, (c) beam at failure, (d) DIC analysis and (e) vertical displacement
along the beam length for increasing load values.
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Figure 5-6 Failure analysis of PB3P10 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis, and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-7 Failure analysis of PB3P11 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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5.4.1 Main observations

The experimental results obtained from the three-point bending tests on two naturally

corroded PC beams and one un-corroded control specimen are discussed in the present section.

In particular, the residual flexural mechanical behaviour of corroded specimens have been

deeply investigated through the DIC methodology and by performing a visual classification of

the corrosion level (corrosion pattern) of the extracted prestressing reinforcements. Based on

the correlations between the residual mechanical response, the maximum principal strain fields

evolution, the observed failure modes and the corrosion and crack patterns of each tested beam,

the following main observations can be outlined:

Overall, the un-corroded beam PBN3P1 showed the best mechanical performance. With
regards to the corroded beams PB3P10 and PB3P11, it was observed a remarkable
reduction in terms of ultimate bending moment (load-carrying capacity), deflection and
ductility. Specifically, the ultimate bending moment of beams PB3P10 and PB3P11
decreased by 77.38% and 17.42%, respectively, compared to the reference beam
PBN3P1. In this context, as hypothesized after the beams characterization phase, beam
PB3P11 resulted to be less affected by the corrosion process due to its higher concrete
resistivity and lower corrosion rate values when compared to the other corroded beam,
leading to a significant residual mechanical performance characterized by the presence
of a remarkable non-linear behaviour.

The visual inspection conducted on the extracted prestressing reinforcements confirmed
that the highest corrosion level occurred in correspondence to the presence of concrete
surface defects, such as longitudinal splitting cracks or spalling of concrete cover at
beam edges. This experimental evidence highlighted the high risk associated with
concrete defects at the level of prestressing reinforcements, especially in the case of PC
beams characterized by the absence of transverse reinforcement. Indeed, as
demonstrated by the residual mechanical behaviour of beam PB3P10, longitudinal
splitting cracks may primarily cause the debonding of prestressing reinforcements and

induce a sudden failure mode.
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5.5 Shear performance of corroded PC beams

Referring to un-corroded RC beams, the shear resistance can be evaluated from the
combination of two mechanisms denoted as (i) beam action and (ii) arch action. The first action
requires interaction at concrete-steel interface, referred to as bond action, and develops with a
variable tensile force on the reinforcement with an almost constant level arm. In detail, in the
case of RC beams without transversal reinforcement, a key role for shear resistance is played
by the concrete tensile strength at the web. The second action is marginally affected by the bond
interaction and develops with a variable lever arm and constant tensile force on the
reinforcement. However, to bear the tie action in the arch, a proper anchorage is required at the
end of the beam.

Among the experimental works available in literature, Leonhardt (1965) investigated
un-corroded RC beams without transversal reinforcements demonstrating that the shear span-
to-depth ratio, a/d, is a crucial parameter governing the shear failure mode. More precisely, the
shear failure mechanism changes according to the following a/d intervals:

* For 3 <a/d < 7: beam action failure occurs at — or shortly after — the application

of the diagonal cracking load;

= For 2 < ald < 3: arch action failure occurs due to shear compression or flexural
tension failure of the compression zone above diagonal cracking load;

» For a/d < 2: arch action failure occurs due to crushing/splitting of concrete.

As stated by Park & Paulay (1975), an a/d equal to 7 can be considered as the threshold
value at which the flexural capacity of the beams is not attained and shear governs the design
of the structural member.

Considering the seven corroded and one un-corroded PC beams analyzed in the present
section, the ranges of shear span-to-depth ratios previously described for RC beams without
transversal reinforcement cannot be directly adopted to schematize the shear failure modes
resulting from the four-point bending tests. Four are the main factors that impacted the shear
performance of the investigated PC beams:

1. The additional arch action mechanism generated by the application of the
prestressing force at an eccentricity, e, equal to 100 mm from the centre of the
transversal cross section of the PC beam;

2. The severe corrosion damage showed in some parts of the prestressing
reinforcements, which led to strain localisation, reduction in bond resistance, rust

products formation with consequent volume expansion, and decrease in
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mechanical properties of reinforcements. Therefore, changing the “general”
resisting mechanisms by reducing/increasing their effects along the beam length;
3. The occurrence of bond decay, causing a reduction in the beam and arch action
mechanisms;
4. The decrease of concrete compressive strength — induced by prestressing force
reduction.

To summarize, the main corrosion effects that significantly affected the shear

mechanism and the related residual shear resistance of corroded PC beams without transversal

reinforcements were the cross-sectional reduction of prestressing reinforcements, the decrease

of prestressing force, and the bond decay.

Figure 5-10 to Figure 5-18 show the experimental outcomes of the four-point bending

tests conducted at the Instituto Eduardo Torroja of Madrid. Based on experimental evidence,

interesting considerations can be made in terms of:

Failure mode and crack pattern at failure: two types of failure modes, denoted as
Shear I and Shear II, were experimentally observed. Shear I failure mode involved a
shear-bending interaction, Figure 5-9(a). Initially, in the central region of the beam
between the load points where a constant bending moment was applied, bending
vertical cracks formed from the bottom side towards compression reinforcements.
Thereafter, diagonal shear cracks developed in the shear span where constant shear
force was applied. Finally, the diagonal cracks abruptly propagated once the position
of the loading steel plate was reached, causing the sudden beam collapse. As reported
in Table 5-4 and shown in Figure 5-10(c) — Figure 5-11(c) — Figure 5-12(c) — Figure
5-14(c) — Figure 5-16(c), and Figure 5-17(c), PB4P5, PB4P6, PB4P8, PB4P13 and
PB4P14 beams failed according to Shear  mode. Shear II failure mode was unaffected
by shear-bending interaction and was characterized by the formation of a single
diagonal shear crack that suddenly developed in correspondence of the most damaged
shear span of the corroded PC beam, Figure 5-9(b). Beams PB4P7 and PB4P9 failed
according to Shear II failure mode, as shown in Figure 5-13(c) and Figure 5-15(c).
When comparing the two failure modes, Shear I appeared to be more ductile than
Shear II and could be anticipated by the yielding of prestressing reinforcements

without resulting in a bending failure mode.
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Figure 5-9 Focus on detected shear failure modes: (a) Shear I and (b) Shear II.

Analyzing the crack pattern at failure, the Shear I failure mode of the un-corroded
beam PBN4P2 was almost symmetrical with respect to the mid-span of the beam;
conversely, PB4P5, PB4P6, PB4P§, PB4P13 and PB4P14 crack patterns showed a
more pronounced diagonal crack in correspondence to the shear span affected by the
highest corrosion level, as highlighted by the corrosion pattern reported in Figure
5-10(b) — Figure 5-11(b) — Figure 5-12(b) — Figure 5-14(b) — Figure 5-16(b), and
Figure 5-17(b). Similarly to Shear I failure mode, the Shear II failure mode of beam
PB4P7 was governed by a single diagonal crack formed in correspondence to the
shear span affected by the highest corrosion level, Figure 5-13(b); on the contrary,
beam PB4P9 failed on the opposite side where the highest corrosion level of strands
was not recorded, Figure 5-15(b). In this latter case, the crack patterns showed the
additional formation of an extended horizontal crack at the level of prestressing
strands, probably caused by bond failure. It is indeed known that Kani’s tooth model
requires that the bending moment, which is produced by bond force in strands, is in
equilibrium with bending resistance of the cantilevered teeth, (Kani, 1966). The
debonding of strands could be caused by splitting cracks induced by dowel action
mechanisms, activated by shear transfer. As a matter of fact, in beams without
transversal reinforcement, the dowel action mechanism is limited by tensile strength
of concrete, (Park & Paulay, 1975).

Residual load-deflection response: Table 5-4 reports the main experimental test

outcomes in terms of (i) ultimate load-carrying capacity, (ii) ultimate deflection, and
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(ii1) failure mode. Since, each tested beam was characterized by a different shear span-
to-depth ratio, the ultimate shear failure loads, Syinre, and ultimate bending moments,
Miainre, were calculated according to Eqs 5-2 — 5-3 and reported in Table 5-4 in order

to compare — at least in terms of loading — the obtained results.

P
Sailure
failure = 2 5-2
Pbi ure L Pai ureL
Mfailure == i 5-3
2 3 6

The comparison clearly shows that the corrosion process significantly reduced the
ultimate load-carrying capacity and ductility of the tested corroded beams. Due to the
different a/d ratios, no comparisons could be made with respect to mid-span
deflections.

Referring to the load-deflection curves of each tested beam shown in Figure 5-18, the
higher ductility of the un-corroded PC beam PBN4P2 in comparison with the ductility
of corroded beams was highlighted, not only because this beam had the highest shear
span-to-depth ratio, equal to 6.7, but also because stress localization due to corrosion
effects did not occur. Analyzing Figure 5-18(b)-(f), it can be also observed how the
beneficial effect of prestressing on the shear performance of corroded beams was
strongly impacted by corrosion. Furthermore, the reduced tensile resistance of the
strands caused a more pronounced interaction between flexural and shear
mechanisms. Indeed, where strands were corroded, larger flexural crack opening
widths developed, causing detrimental effects on the aggregate interlock mechanism,
(Park & Paulay, 1975). Conversely, considering Figure 5-18(g)-(h), it was pointed out
that the load-deflection curves of beams PB4P13 and PB4P14 reached the highest
shear capacity and the lowest ultimate displacement because of the lowest shear span-
to-depth ratios, equal to 4.3 and 4.1, respectively. As confirmed by Kani’s comb
model, cracked beams, having low values of shear span-to-depth ratios, can form a
tied arch that can support loads even after the failure of cantilevered teeth, (Collins &
Mitchel, 1997).

From a theoretical point of view, a more rigid elastic response was expected for beams
PB4P5 to PB4P9 due to their a/d ratios ranging between 5.2 and 5.7 — if compared to
the un-corroded beam a/d ratio equal to 6.7. In reality, however, the reduction in
ultimate load-carrying capacity and ductility of corroded beams not only depended on

lower a/d ratios but also on the detrimental effects induced by corrosion. To support
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the previous consideration, the shear performance of beams PB4P5 and PB4P6 was
compared. As a result, although both beams had the same shear span-to-depth ratios
equal to 5.7 and failed in Shear I mode, the higher corrosion level of beam PB4P6
beam caused a slightly lower resistance and ductility compared to beam PB4P5 (89.39
kN and 34.06 mm vs. 90.21 kN and 35.20 mm). Similarly, the shear span-to-depth
ratios of beams PB4P7 and PB4P9 — equal to 5.5 and 5.4, respectively — were lower
than shear span-to-depth ratios of beams PB4P5 and PB4P6. Therefore, lower
ultimate displacement values of beams PB4P7 and PB4P9 — of 29.66 mm and 27.88
mm, respectively — were expected. However, the lower peak load values of beams
PB4P7 and PB4P9 — of 81.74 kN and 80.00 kN, respectively — compared to beams
PB4P5 and PB4P6 could be caused by corrosion damage.

DIC analysis: in agreement with the scientific works carried out by Campana et al.
(2013), Huber et al. (2016) and Cavagnis et al. (2018), that adopted the DIC
methodology for the evaluation of the shear failure process of RC members without
transversal reinforcements, the present study implemented the DIC technique for the
analysis of the maximum principal strain fields and the evolution of deformed
displacement profiles of each beam for increasing applied loads, as shown from
Figure 5-10(d) to Figure 5-17(d). For the sake of clarity, it is worth noting that the
DIC contour plots did not have the same scale but varied in order to appreciate the
crack pattern development of each investigated beam. Additionally, the analyzed load
steps were marked by symbols in each load-deflection curve reported in Figure 5-18.
Based on the obtained results, the maximum principal strain values were in good
agreement with the observed crack patterns. The DIC analysis confirmed that the
critical diagonal shear crack always developed in correspondence of the highest
corrosion level of prestressing reinforcements, except for beam PB4P9 that probably
failed due to the occurrence of sudden debonding issues. Moreover, the type of failure
mode experimentally observed was also confirmed by the DIC analysis performed for
the load step closest to the experimental ultimate load-carrying capacity recorded for
each beam. In particular, in the case of beams PB4P13 and PB4P14, the DIC analysis
clearly highlighted the presence of bending vertical cracks — not easily visible to the
naked eye during the experimental tests — prior to the beam collapse induced by the
development of a critical diagonal shear crack, revealing a Shear I failure mode.
Finally, the DIC analysis was also adopted to measure the vertical displacements and

the deformed shapes of the tested beams for different values of applied load, as shown
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in Figure 5-10(e) to Figure 5-17(e). Generally, parabolic symmetrical trends of
vertical displacement were measured with respect to the mean distance between
supports, except for beams PB4P5, PB4P7 and PB4P9. For these latter beams, a non-
symmetrical profile of the deformed shape and a significant displacement localization
was observed where the critical shear diagonal cracks occurred. This discontinuity
could be induced by the occurrence of a sudden bond failure, as demonstrated by the
formation of longitudinal splitting cracks — visible to the naked eye — at the level of
prestressing reinforcements when the beam collapsed, which led to the tangible
increase of beam vertical displacements. Nevertheless, the debonding of prestressing
reinforcements in the case of corrosion can be induced by several factors affecting the
shear transfer mechanisms such as spalling of concrete cover, longitudinal splitting
cracks or the reduction of both dowel action effect and tensile force of strands.
Therefore, further studies should be devoted to analyzing the bond resistance of

corroded PC beams in depth.

Table 5-4 Shear response of tested beams: experimental outcomes from four-point bending tests.

pecmen 1 UN_ mml i py  Fluremod
PBN4P2 6.7 98.47 120.70 82.71 49.24 Shear 1
PB4PS 5.7 90.21 35.20 64.05 45.11 Shear I
PB4P6 5.7 89.39 34.06 63.17 44.70 Shear |
PB4P7 55 81.74 29.66 55.86 40.87 Shear 11
PB4P8 5.2 100.06 28.69 65.04 50.03 Shear I
PB4P9 54 80.00 27.88 54.13 40.00 Shear 11
PB4P13 43 127.45 23.70 68.19 63.73 Shear |
PB4P14 4.1 145.90 22.30 75.62 72.95 Shear I
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Figure 5-11 Failure analysis of PB4P5 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-12 Failure analysis of PB4P6 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-13 Failure analysis of PB4P7 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-14 Failure analysis of PB4P8 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-15 Failure analysis of PB4P9 beam: (a) crack pattern, (b) corrosion patter, (c) beam at failure,
(d) DIC analysis and (e) vertical displacement along the beam length for increasing load values.
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Figure 5-16 Failure analysis of PB4P13 beam: (a) crack pattern, (b) corrosion patter, (c) beam at
failure, (d) DIC analysis and (e) vertical displacement along the beam length for increasing load

values.
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Figure 5-17 Failure analysis of PB4P14 beam: (a) crack pattern, (b) corrosion patter, (¢) beam at
failure, (d) DIC analysis and (e) vertical displacement along the beam length for increasing load
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5.5.1 Main observations

This section summarises the experimental results obtained from the four-point bending

tests on seven naturally corroded PC beams and one un-corroded control specimen. As in the

previous residual flexural capacity evaluation of corroded PC beams, the mechanical shear

behaviour of corroded specimens without transversal reinforcements was thoroughly

investigated by conducting the DIC methodology and by performing a visual classification of

the corrosion level of the extracted prestressing reinforcements. Based on the obtained

outcomes, the following main observations can be highlighted:

Although the tested beams were characterized by different shear span-to-depth ratios,
two failure modes, denoted as Shear I and Shear 11, were defined. In this context, the
governing parameters were the variable shear span-to-depth-ratio and the corrosion
levels of the prestressing reinforcements and their longitudinal spatial variability
along the beam length.

Shear I mode was characterized by a shear-bending interaction prior to failure. Indeed,
bending vertical cracks developed before the occurrence of a diagonal shear crack that
led to the beam collapse. On the contrary, Shear II mode showed the presence of a
single diagonal crack that formed from the loading steel plate towards the prestressing
reinforcement. Nevertheless, bond decay due to chloride-induced corrosion at
prestressing steel—concrete interface might have played a relevant role in the shear
failure mode of severely corroded PC beams, as highlighted by the sudden drops
visible in the vertical displacement diagrams of beams PB4P5, PB4P7 and PB4P9.
The corrosion level distribution of prestressing reinforcements, especially in the
region between supports, plays a fundamental role in the shear failure mode of
corroded PC beams without transversal reinforcements. In fact, the critical diagonal
crack that led to the beam collapse, usually developed in correspondence to the
highest recorded corrosion level of strands, except for beam PB4P9, which failure —
however — was strongly affected by bond decay. In addition, the occurrence of
diagonal cracks having significant crack opening widths induced detrimental effects
on the residual shear performance by reducing the aggregate interlock contribution.
In general, it was observed that the strain localization induced by prestressing strands
deterioration may lead to premature beam failure. Indeed, for corroded PC beams with
similar a/d ratios, the residual shear resistance decreased with increasing strand

corrosion level. Therefore, if compared to the un-corroded specimen, a tangible
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reduction in terms of ultimate load-carrying capacity, ultimate deflection, and

ductility was commonly detected for corroded PC beams, as visible in Figure 5-18.
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IMPORTANT NOTES: The topics covered in this chapter directly refers to statements,
figures and results published by the author in the below mentioned works available in scientific

literature:

» Franceschini L., Belletti B., Tondolo F. & Sanchez J. (2022). Study on the
probability distribution of pitting for naturally corroded prestressing strands

accounting for surface defects. Buildings 12, 1732.
https://doi.org/10.3390/buildings12101732

» Vecchi F., Franceschini L., Tondolo F., Belletti B., Sanchez J. & Minetola P. (2021).
Corrosion morphology of prestressing steel strands in naturally corroded PC beams.

Construction and Building Materials, 296, pp- 1-20.
https://doi.org/10.1016/].conbuildmat.2021.123720

» Franceschini L., Belletti B., Sanchez J. & Tondolo F. (2022). Dependency of pitting
corrosion spatial variability on crack pattern of prestressed concrete members.

Proceedings of the 14" fib PhD Symposium, 5% — 7% September 2022, Rome, Italy.

» Franceschini L., Vecchi F., Tondolo F., Belletti B., Sanchez, J. & Minetola, P.
(2021). Variability in section loss and maximum pit depth of corroded prestressing
wires. 1% Conference of the European Association on Quality Control of Bridges and

Structures — EUROSTRUCT2021, 29" August — 1 September, Padova, Italy.

Specifically, the experimental tensile tests on corroded and un-corroded prestressing
strands were conducted at the Politecnico of Turin. Furthermore, the 3D scanning procedure
and cleaning phase of corroded strands were performed by Anna Scuncia from the University
of Parma during her Master Thesis, entitled “Study of strands of naturally corroded prestressed

concrete beams”

6-2


https://doi.org/10.3390/buildings12101732
https://doi.org/10.1016/j.conbuildmat.2021.123720

Evaluation of the pitting morphology of corroded strands

6.2 Introduction

Over the last years, the scientific community has shown an increased interest in the
pitting morphology spatial variability mainly due to its importance in the evaluation of the
residual performance of existing structures and to the significant role of its corrosion parameters
in guidelines and codes. To this aim, the accurate estimation of corrosion effects has been
pursued to prevent and avoid catastrophic structural failures and to ensure the safety of existing
structures and infrastructures. In this context, a proper evaluation of the pitting morphology
plays a key role for the quantification of corrosion parameters, such as mass loss (7), cross-
sectional loss (1), and maximum penetration depth (Ppax), that commonly govern the residual
mechanical behaviour of corroded reinforcements. However, as previously mentioned for the
experimental campaigns conducted on the prediction of the residual mechanical properties of
deteriorated reinforcements, a larger amount of studies have been carried out on reinforcing
rebars instead of prestressing strands, (Akpanyung & Loto, 2019; A. Apostolopoulos et al.,
2013; Caines et al., 2013; Finozzi et al., 2018; Gonzéalez et al., 1995; Li et al., 2019; A. A.
Torres-Acosta & Martnez-Madrid, 2003; Yu et al., 2015b). Among the few works investigating
prestressing strands characteristics, worth mentioning is Yoo et al. (2020), who studied forty
naturally corroded samples retrieved from prestressed concrete box-girder bridges located near
Seoul, in the Republic of Korea, and proposed correlations between the measured penetration
depths and the cross-sectional losses of the forty-nine investigated sections. Another work from
Darmawan and Stewart (2007) introduced a probabilistic approach for estimating the
penetration depth and pitting spatial variability of corroded prestressing wires and strands
subjected to an artificially accelerated corrosion process.

Besides, as previously discussed in section 3.5.1, several pit type morphology
configurations have been introduced for the detailed quantification of sectional corrosion
damage. Nevertheless, the simplified hemispherical shape has been widely adopted in scientific
literature to easily estimate the area loss due to pitting, (D. V. Val, 2007). However, referring
to numerical simulations, other pit type morphology configurations, such as the ellipsoid
configuration introduced by Hou & Song (2015), can be implemented to better reproduce the
associated corrosion effects. Still, as highlighted by Wang et al. (2020), the quantification of
pitting morphology spatial variability might lead to inconsistent results if conducted on the
evaluation of the only penetration depth. As a result, both longitudinal and transversal pitting
variability must be analyzed to accurately describe the overall damage induced by the chloride-

induced corrosion process on prestressing reinforcements. To this goal, twenty-four seven-wire
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strands — coming from the previously tested naturally corroded PC beams — were first retrieved.
Second, the pitting morphology was investigated by adopting a structured light 3D scanner and
measured pits were classified in terms of maximum penetration depth, longitudinal dimension,
and transversal width. Thereafter, several corrosion parameters such as mass loss, area loss due
to pitting, residual cross-sectional area and cross-sectional loss of external corroded wires were
measured and discussed using the GOM Inspect software. Moreover, the pitting factor of
naturally corroded strands was studied for the first time by considering both longitudinal and
transversal variability. Finally, new correlations between the main investigated corrosion
parameters were identified in order to provide useful tools for the in-situ inspection of existing
structures as well as to propose simplified expressions conceived for the daily engineering

practice of current codes and guidelines.
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6.3 Corrosion measurements

The experimental procedure adopted for the analysis of the pitting morphology spatial
variability of corroded prestressing strands is described. In particular, five main phases can be
outlined:

= Retrieval of corroded prestressing strand samples from previously tested PC

beams;
= Mass loss, #, calculation through the adoption of the gravimetrical method
described by the ASTM G1-03 standard, (ASTM G1-03. Standard Practice for
Preparing, Cleaning, and Evaluating Corrosion Test Specimens., 2017);

= 3D scanning of available samples by using the 3D structured laser scanner of the
GOM ATOS series;

= Measurement of corrosion parameters through the superimposition principle of
corroded and un-corroded 3D models of analyzed samples conducted by means of
the GOM Inspect software;

= Data post-processing for the provision of useful relationships to better estimate

pitting morphology effects on corroded strand with a particular focus on the
evaluation of the main corrosion parameters that should be considered in design
and maintenance procedures of codes and guidelines as directly impacting the
residual mechanical response of corroded reinforcements.

For the sake of clarity, Figure 6-1 briefly summarises the adopted step-by-step

procedure.
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Figure 6-1 Step-by step procedure for the pitting morphology analysis.
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6.3.1 Retrieval of corroded prestressing strand samples

After residual load-carrying capacity tests, the prestressing strands of each corroded
beam were extracted and the corrosion pattern of each beam was drawn. Thereafter, a total of
twenty-four prestressing strands samples — four from each beam — was retrieved from different
beam positions. To distinguish the available samples, an identifying code — similar to the one
adopted for corroded PC beams classification — was introduced. The code is in the form — PBw-
L(yy-zz) or PBw-R(yy-zz) — where PB stands for Prestressed Beams, w is the number ranging
from 9 to 14 which identifies the name of the tested beam belonging to the second experimental
campaign, the letter L or R refers to the left or right cross-section position of the prestressing
reinforcement from which the sample was retrieved, and the coordinates in brackets, yy-zz,
identify the position of the sample along the beam length — from the left edge side to the right
one — by defining its initial and final abscissa.

The available corroded strands were first classified as a function of the sample length,
L;, as shown in Figure 6-3. Indeed, twelve samples were 450 mm long, whereas the remaining
twelve were 700 mm long. Considering corrosion evidence, the twenty-four samples were
further classified through a visual inspection by distinguishing between three corrosion levels
(low, intermediate and high). The samples belonging to the low corrosion level, denoted as LV-
I, were characterized by small and localized pits; the samples from the intermediate level,
denoted as LV-II, had bigger and widespread pits; finally the ones classified with high corrosion
level, denoted as LV-III, showed deep and oversized pits, covering a large region of the external
wire surface with a significant rust products formation. During the visual inspection, four
samples — PB9-R(428-473), PB11-L(5-75), PB12-R(358-403) and PB14-L(455-500) — were
found to be unaffected by corrosion signs and consequently they were assumed as un-corroded
reference samples.

For the sake of completeness, Figure 6-2 shows the position from which the corroded
samples were retrieved, further distinguishing between samples belonging to or not belonging
to beam regions characterized by the presence of concrete surface defects, denoted as “cracked”
and “un-cracked” regions, respectively. Moreover, Table 6-1 provides the following
information for each sample: (i) the corresponding identifying code, (ii) the length, L, (iii) the
level of corrosion established from visual inspection, and (iv) info regarding the presence or

absence of concrete surface defects.
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Table 6-1 Classification of retrieved prestressing strands samples.

Sample ID Li Lscan ?ormfion Ietfel Presence/absence
[mm] [mm] (visual inspection) of surface defects
PB9-L(12-82) 700 500 LV-III cracked
PB9-1.(426-496) 700 500 LV-II un-cracked
PB9-R(15-60) 450 250 LV-III cracked
PB9-R(428-473) 450 250 LV-I un-corroded
PB10-L(138-208) 700 500 LV-1 un-cracked
PB10-L(445-515) 700 500 LV-II un-cracked
PB10-R(32-102) 700 500 LV-II un-cracked
PB10-R(287-332) 450 250 LV-II cracked
PB11-L(5-75) 700 500 LV-II un-corroded
PB11-L(196-266) 700 500 LV-1I un-cracked
PB11-R(6-51) 450 250 LV-1 un-cracked
PB11-R(273-318) 450 250 LV-II un-cracked
PB12-L(12-82) 700 500 LV-III cracked
PB12-L(124-169) 450 250 LV-II un-cracked
PB12-R(100-170) 700 500 LV-II un-cracked
PB12-R(358-403) 450 250 LV-I un-corroded
PB13-L(1-46) 450 250 LV-II cracked
PB13-L(108-178) 700 500 LV-II un-cracked
PB13-R(0-70) 700 500 LV-1I cracked
PB13-R(70-115) 450 250 LV-1I un-cracked
PB14-L(10-55) 450 250 LV-III cracked
PB14-L.(455-500) 450 250 LV-I un-corroded
PB14-R(2-72) 700 500 LV-III cracked
PB14-R(77-122) 450 250 Lv-II un-cracked




Evaluation of the pitting morphology of corroded strands

300

150 ,
40
H """""""" il
(o) (o) ESI
| 950 4060 200
P + —
50 | i -
o s PB9. JJ@)
BB, o e -
\\ PB9-L(426-496)
i — g (ii)
PRO-L(12.82) PBI-R(15-60) PB9-R(428-473)
250 4710 250
i PB3P10DA/U
i A~ ~ |
' : PB10-L(445-515)
PB10-R(32-102) PB10-R(287-332)
PB10-L(138-208)
250 4710 250

£ #

' ' '
' '
'

e PB3PIT

PB11-L(5-75)

q : ; :
PB11-R(6-51) PB11-L(196-266) PB11-R(273-318)
750 3460 1000
k L L
}PB4P12 J
PB12-L(12-82) = —
e ——————— —
PB12-R(100-170) PB12-L(124-169) PB12-R(358-403)
1000 3210 1000
. PB4P13 %
PB13-L(1-46)
PB13-R(70-115) PB13-L(108-148)
PB13-R(0-70)
1100 3110 1000
}PB4P14
PB14-L(10-55) _ —— PB14-1(455-500)
— 3

PB14-R(2-72) PB14-R(77-122)

Figure 6-2 Location of samples and relations with crack pattern.




Evaluation of the pitting morphology of corroded strands

I
ll

~
o
N

(b)

Figure 6-3 Retrieved samples classified as a function of L;: (a) twelve samples 450 mm long
and (b) twelve samples 700 mm long.

6.3.2 Mass loss calculation: gravimetrical method

Following visual inspection, the mass loss, 7, of each corroded sample was calculated
by adopting the gravimetrical method proposed in the ASTM G1-03 standard (2017). For this
purpose, a digital scale with an accuracy of 0.01 g was adopted for the weighing of corroded
and un-corroded samples. According to this method, the mass loss of a corroded strand was
defined through the expression previously reported in its basic form in Eq. 3-2 and recalled in

Eq. 6-1 in its updated version:

mO _mcorr m”CLi _(mo _(Al + A2))
77 = = =
0 mucLi

_ mucLi _(mucLi _(Al +A2)) (Al +A2)

m L. m L

uci1 uc1

3

6-1

where myo 1s the mass of the un-corroded sample (g) and it is defined as the product between
muc, which is the highest weight per unit length measured for the reference un-corroded sample
PB14-L(455-500) — equal to 0.7994 g/mm — and L;, which is the previously calculated sample
length (mm); whereas mco 1s the mass of the corroded sample and it is calculated as the
difference between mo and the total weight loss caused by corrosion, which is evaluated as the
sum of A; and A». In detail, A; is the weight loss due to first handling, while A is the weight
loss estimated during the cleaning procedure of the corroded sample. As indicated by the ASTM
G1-03 standard, this latter was evaluated through a sequence of cleaning cycles conducted by
using a steel brush. A bilinear trend — identified by lines AB and BC — having different slopes,

was plotted interpolating the weight loss variation, A;, calculated at each cleaning cycle of a
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corroded sample. As shown in Figure 6-4, a large amount of rust products was removed during
the first cleaning cycle, leading to a significant A; value — line AB. After the second one, the
increase in A; values were less evident since the rust products removed were gradually
decreasing at each cleaning cycle, as demonstrated by the smoother slope of line BC. As a
result, the final value of A> (g) was estimated at the intersection point between line AB and line
BC, as shown by the blue star in Figure 6-4. Finally, the mass loss value, #, of each investigated

corroded sample is reported in Table 6-2.

Weight Loss Variation [g]

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cleaning Cycles [number]

Figure 6-4 Estimation of the weight loss A; in the case of sample PB11-L(196-266).

6.3.3 3D Scanning procedure and GOM Inspect software analysis

The following phase involved the 3D scanning of the twenty-four available strand
samples using a 3D structured light laser scanner of the ATOS series. The overall set-up,
highlighted in Figure 6-5, consisted in:
= A custom-made fixing system composed of a metal support plate and two bearings
of ABS material, realized ad-hoc using a 3D printer, which allowed to fix samples
with variable lengths and to rotate each sample along its longitudinal axis during
the scanning phase, Figure 6-5(a);

= Reference octagonal prisms supports realized with the help of a 3D printer using

PLA filaments, Figure 6-5 (b);
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= The ATOS Compact 3D structured light scanner with two 2-megapixel cameras
measuring the 3D coordinates of each point of the sample surface by applying the
triangulation principle, Figure 6-5(a);

= A portable computer with a data acquisition system receiving the 3D scanner data
in the form of “.STL format” and reproducing the virtual model of the sample
geometry. The model consisted of tessellated surfaces made up of triangles created

from a cloud of points scattered in space resulting from the 3D scanning activity.

metal support platel A

syroddns ooud1ojoy

Figure 6-5 3D scanning system: (a) general overview of the final configuration and (b) focus on
principal components.
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3D printer

(b)

Figure 6-6 Custom-made fixing elements: (a) 3D printer and (b) realized components.

First, the sample was thoroughly cleaned in order to remove impurities and poor traces.
Second, a thin layer of the opaque-reflection agent Metal Service MR® 2000 Anti-Reflex L was
uniformly applied to the sample surface to reduce the typical metal reflection and to enhance
sample contrast in the images captured by the 3D stereoscopic cameras. In support of this, the
study conducted by Iuliano & Minetola (2009) demonstrated the faithfulness and reliability of
scanning measurements when anti-reflection agents were used. Third, the sample was
positioned in the working volume of the 3D scanner, making use of the custom-made fixing
system. The working volume of the ATOS Compact scanner was 125 mm x 90 mm x 90 mm
and its length measurement error was smaller than 0.020 mm as per the acceptance test of
VDI/VDE 2634 Part 3 guideline. Next, round adhesive markers of 1.5 mm diameter with a
central white circle were placed on the faces of the octagonal prisms to create a network of
fixed reference points that allowed the GOM scan software to automatically align the data from
multiple scans into the same cartesian reference system. Finally, a cloud of points was recorded
during the scanning phase, which the scanning software converted into tessellated surfaces
using triangles. The virtual model of the real geometry was then exported in .STL format to be

further updated and analyzed with the GOM Inspect software.
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As reported in Table 6-1, the scanned length, Lcan, varied for strand samples with total
lengths of 450 mm or 700 mm. In detail, the scanned length of each sample was reduced by 100
mm on both end sides to account for the presence of the gripping system during the subsequent
tensile testing. As a result, the final Lycq, resulted equal to 250 mm and 500 mm.

To confirm the usefulness and the accuracy of the adopted procedure, Li et al. (2017)
and Tahershamsi et al. (2017) pointed out that the 3D scanning technique is considered by the
scientific community as the most precise technique for the evaluation of the geometrical
parameter of pitting corrosion since it avoids the shortcomings of other available methods such
as (i) weight loss, (ii) vernier caliper and (iii) drainage method, ensuring low cost, high
efficiency and high precision measurements. The main drawback is that only the surfaces of the
six outer wires can be scanned, with no possibility of detecting the corrosion damage of the
central wire as well as the inner surfaces of the external wires. Nevertheless, as confirmed by
the visual inspection prior to and after the tensile test procedure, these regions of the corroded
samples did not show any significant sign of corrosion; they can therefore be considered as un-
corroded in the following discussion as they did not alter the obtained results.

The final step consisted in the GOM Inspect software analysis. To this end, the virtual
model generated by the 3D scanning procedure was first imported into the software for the
mesh repairing phase, which involved the filling in of small holes and the removal of noise
points, Figure 6-7(a). Subsequently, 3D models of corroded and un-corroded samples were
superimposed to measure the variation of the main geometric parameters affecting pitting
corrosion, as shown in Figure 6-7(b). In detail, this last step was enabled by the use of the best-
fit algorithm implemented in the GOM Inspect software for aligning the scan data from the
corroded sample with respect to the reference one. For this purpose, the roto-translation matrix
was iteratively computed by the software in order to minimize the error associated with the
alignment and superimposition steps. The measuring accuracy of the GOM Inspect has been
certified by the German PTB Institute of the American NIST Institute. However, technical
errors caused by an optical occlusion occurred during the scanning phase of samples PB10-
R(32-102) and PB11-R(273-318); therefore some corrosion parameters could not be properly

measured and were neglected in the comparison of the obtained experimental data.
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Figure 6-7 GOM Inspect phase: (a) mesh repairing and (b) superimposition of corroded and un-
corroded 3D models.
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Based on the software performance, the following parameters were analyzed to

correctly assess the impact of chloride-induced corrosion on the behaviour of corroded

prestressing reinforcements:

Number of pits, npis, and their distribution along the sample length;

Pit shape in terms of longitudinal extension, Py, and transversal width, P:;

Pit penetration depth, P., with a particular focus on the measurement of its
maximum value evaluated longitudinally along the overall sample length, Ppax iong,
or sectionally, Pax,sectionat;

Area loss caused by pit, 4p;

Minimum, A4, residual cross-sectional area of the strand.

For the sake of clarity, Figure 6-8 highlights the meaning of the investigated parameters.

m

Figure 6-8 Focus on the analyzed corrosion parameters.
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6.4 Results and Discussion

6.4.1 Classification of detected pits

Since four of the twenty-four retrieved strands were assumed to be un-corroded
reference samples due to the absence of corrosion signs, and the scanning phase of two corroded
samples (PB10-R(32-102) and PB11-R(273-318)) was characterized by technical issues, a total
of 18 corroded prestressing strands were investigated in-deep.

First, the number of pits, 7,is, along the overall sample length was quickly determined

by comparing corroded and un-corroded 3D models, as shown in Figure 6-9.
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Figure 6-9 Calculation of number of pits as a function of different corrosion level: (a) low corrosion,
(b) intermediate corrosion, and (c) high corrosion level.

To compare data from corroded samples of different lengths, the number of counted
pits, npis, was normalized by dividing it by the scanned length, Lscqn. The results — expressed as
the number of pits per meter, npis/m, — are reported in Table 6-2. Since the analyzed samples
were seven-wire prestressing strands with six external wires, a maximum of six pits with
different penetration depths, Px, could be measured at each section. Afterwards, a sectional
analysis was performed every 10 mm on each corroded sample by adopting the approach

outlined by Li et al. (2017), as shown in Figure 6-10.
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Figure 6-10 Sectional analysis every 10 mm for the evaluation of pitting corrosion parameters.

The maximum penetration depth has been considered by the scientific community as
one of the main parameters influencing the residual mechanical behaviour of corroded rebars
and/or prestressing strands. Therefore, an accurate classification of the maximum pit of each
external wire (for the 18 collected samples) was carried out by measuring the penetration depth,
Prax,sectional, and the pit shape in terms of P, and P-, Figure 6-8. The acquired results are reported
in Appendix A.3 for completeness. Furthermore, since Jeon et al. (2019) stated that the failure
of a corroded strands is governed by the failure of the most corroded wire where the maximum
penetration depth is measured, the corresponding value of Paxiong 0f €ach analyzed sample is
reported in Table 6-2.

Additionally, the maximum pit of each external wire was classified by comparing the
experimentally measured area loss caused by pitting, 4,, with the three pit type morphology
configurations introduced by Jeon et al. (2019), as shown in Figure 6-11. The three
morphologies, denoted as hemispherical, half-moon and planar, were identified with Type 1,
Type 2 and Type 3, respectively. Moreover, the corresponding analytical area losses, 4pi, were

assessed through Egs. 6-2 to 6-4:

. P
A, =2r,. (9 -2sing cos ) 8 =arccos| 1- o : 6-2
outer
2 , P,
A,=r,," (29, —7-2sin cos % ) 8, =arccos| — o 6-3
outer
2 , P,
A,=r,, (% -sindcos,) 4 =arccos| 1- - 6-4
outer

where 7 (Fouer) is the radius of the un-corroded external wire — equal to 2.13 mm —, @ is the
Archimedes’ constant considered equal to 3.14, and 61, 6> and 65 are the corrosion angles for

each different pit shape.
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An extensive geometrical analysis of the 101 measured pits can be found in Appendix
A.3, including: (i) the experimental area loss due to pitting assessed with the GOM Inspect
software, (ii) the analytical values of the area loss calculated by adopting the three different pit
type morphology configurations, and (iii) the final classification. For the sake of clarity, Table
6-2 summarizes the measured area loss for the overall maximum pit of each corroded sample

together with the corresponding pit type classification.

Figure 6-11 Assumed pit type morphology configurations.

Based on the obtained results, 46.5% and 47.5% of the pits were classified as Type 1
and Type 3, respectively, whit the remaining 6% classified as Type 2. When comparing the
detected pit type morphology configurations with the three corrosion levels adopted, it could
be observed that Type 1 and Type 3 configurations occurred with varying dimensions,
especially in the case of intermediate and high corrosion levels, Figure 6-9(b) and (c). In
addition, pits measured from samples having low corrosion levels were mostly classified as
Type 1, Figure 6-9(a), while Type 2 configuration was mainly observed in samples having high
corrosion levels. By tracking the maximum penetration depths against the corresponding
estimated area losses, it was evident that a good fitting of Type 1 and Type 3 pits was obtained
by adopting Eq. 6-2 and Eq. 6-4, respectively, as highlighted in Figure 6-12(a). On the contrary,
a great dispersion of results occurred for Type 2 pits fitted by using Eq. 6-3, which led to an
approximate interpolation of the experimental data. Referring to Figure 6-12(a), most of the

pits analyzed had maximum penetration depth and area loss values ranging from 0.5 mm to 1.5
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mm and 0.5 mm? to 5.00 mm?, respectively. Moreover, only Type 1 and Type 3 pits recorded

a penetration depths higher than 1.6 mm.
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Figure 6-12 Maximum penetration depths classification: (a) adopting three different pit type
morphology configurations, and (b) considering only Type 3 morphology.

Although these latter configurations can be expressed through different analytical

expressions, their classification during in-situ inspection can be challenging, especially in the

case of a high corrosion level, as the two morphologies tend to be quite similar. Given the rarity

of Type 2 configuration, it was proposed to adopt the unique Type 3 for the estimation of the

area loss, A4, of all measured pits to avoid assessment errors, as illustrated in Figure 6-12(b).

To validate the proposal, the percentage error committed in assuming Type 3 expression instead

of using the previously estimated pit type morphology configuration was calculated and
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reported — for the overall maximum pit of each corroded sample — in Table 6-2. As a result, a
generally safe prediction of the 4, value was obtained with an overestimation of the actual
experimental area loss ranging between 7% and 55% with an average overestimation of around
30%. In the case of unsafe predictions, i.e. underestimation of the actual experimental area loss,
the average percentage error of the estimated value was limited to 10.60%.

In addition, regardless of the actual pit type morphology configurations, a new
exponential relationship for estimating the area loss caused by pitting was achieved through the
regression analysis of the experimental data as a function of the measured penetration depth,

P, as shown in Figure 6-12(b) and reported in Eq. 6-5.

A4,=2.1585P" 6-5

The faithfulness and the accuracy of the proposed relationship was confirmed by the
coefficient of correlation, R?, equal to 0.913.

Based on the satisfactory fitting of data and taking into account the uncertainties
associated with the identification of the actual pit type morphology configuration, the use of
Type 3 expression as well as the proposed relationship reported in Eq. 6-5 can be considered as
viable technical solutions to be applied during in-situ inspections and daily engineering practice

for the preliminary estimation of the area loss due to pitting, 4,.
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Table 6-2 Corrosion classification of corroded strands.

Percentage error assuming

Sample ID : (Zo] an'z_s]/m P[,::lxlzilg [ 1:1; N class ilf:lZation Type 3 [e;;]ression
A
PB9-L(12-82) 17.30 550 1.71 5.76 3 7.14
PB9-L(426-496) 2.80 22 0.42 0.51 1 -43.44
PB9-R(15-60) 21.50 576 2.78 9.21 3 -7.05
PB9-R(428-473)* - - - - - -
PB10-L(138-208) 2.40 16 0.59 1.35 3 11.39
PB10-L(445-515) 6.30 *N/A 2.45 7.78 3 -8.83
PB10-R(32-102)** 2.20 - - - - -
PB10-R(287-332) 8.00 250 2.88 8.41 1 -21.87
PB11-L(5-75)* - - - - - -
PB11-L(196-266) 2.90 130 1.40 4.38 3 6.67
PB11-R(6-51) 2.00 40 0.98 2.15 3 -14.62
PB11-R(273-318) 4.80 68 1.26 3.34 3 -
PB12-L(12-82) 14.20 476 1.55 4.82 3 3.00
PB12-L(124-169) 4.30 200 1.23 3.17 3 -7.23
PB12-R(100-170) 5.30 148 1.00 1.98 1 9.08
PB12-R(358-403)* - - - - - -
PB13-L(1-46) 7.60 340 1.16 2.50 1 -26.06
PB13-L(108-178) 4.30 *N/A 1.84 3.79 1 -55.53
PB13-R(0-70) 11.40 522 1.38 3.19 1 -25.15
PB13-R(70-115) 4.60 212 1.01 2.80 3 7.91
PB14-L(10-55) 14.70 592 2.24 5.92 1 -27.86
PB14-L.(455-500)* - - - - - -
PB14-R(2-72) 11.60 354 1.23 2.63 3 -29.19
PB14-R(77-122) 3.82 60 0.54 0.71 1 -47.73

*un-corroded sample, **technical issues
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6.4.2 Essential correlations for the assessment of corroded strands

6.4.2.1 Longitudinal variability analysis of corrosion parameters
6.4.2.1.1 Penetration depth

The longitudinal variability of the measured penetration depth of each corroded sample
was analyzed using the GOM Inspect software.

In general, it was observed how pits formed randomly along the overall sample length
as a function of the different chloride concentrations at prestressing reinforcement level; in this
context, the measured penetration depths varied significantly in adjacent sections, as shown in
Figure 6-13 for samples PB9-R(15-60), PB10-R(287-332), PB11-R(6-51), and PB12-L(124-
169). This experimental evidence complemented other scientific studies — such as those
conducted by Valor et al. (2010) and Murer & Buchheit (2013) — which supported the
randomness of chloride-induced corrosion of reinforcing steel rebars embedded in concrete. In
particular, the penetration depth was found to increase with increasing corrosion level, as shown
in Figure 6-13 in the case of mass loss values of 2%, 4.3%, 8% and 21.5% for samples PB11-
R(6-51), PB12-L(124-169), PB10-R(287-332) and B9-R(15-60), respectively.
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Figure 6-13 Variability of penetration depth as a function of different corrosion levels.
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6.4.2.1.2 Penetration depth variability as a function of concrete surface defects

To investigate the consequences induced by the presence or absence of concrete
surface defects, the longitudinal pitting spatial variability of corroded strands was analyzed,
distinguishing between cracked and un-cracked beam regions, as reported in Table 6-1. To this
aim, the measured penetration depth, Py, of each scanned pit was normalized by dividing it by
the un-corroded radius of the external wire, 7ouser, (Px/Fouter).

Referring to corroded samples retrieved from beam regions unaffected by concrete
surface defects, Figure 6-14 depicts the rising severity of the spatial variability of longitudinal
pitting morphology with the increase in corrosion level. Indeed, as the corrosion level increased,
also the maximum and average penetration depth of the analyzed samples increased. To this
end, an average longitudinal penetration depth, Puy,ione1, defined as the mathematical average of

scanned pits measured along the entire sample length, was calculated according to Eq. 6-6.

av,longl —

n ..

Then, a maximum normalized longitﬁfiinal penetration depth, Pax iong/Tourer, €qual to
0.66, 0.86 and 0.74 was measured for low, intermediate and high corrosion level, respectively,
as highlighted by the red markers in Figure 6-14. Moreover, an average normalized longitudinal
penetration depth, Pay,iong1/Fourer — this time highlighted in Figure 6-14 by the green dashed lines
—equal to 0.10, 0.17 and 0.25 was calculated for low, intermediate and high corrosion level,
respectively. This great variability of penetration depth values occurring at different sections
confirms the randomness of the chloride-induced corrosion. In particular, although the

aggressiveness of corrosion was particularly high in PB11-R(273-318) and PB13-L(1-46), the

presence of at least one un-corroded section was always identified.

6-24



Evaluation of the pitting morphology of corroded strands

2.00
(a) a PB9-1(426-496)
1.75 A PB9-1(426-496) Maximum Pit
= PB10-L(445-515)
1.50 ®m PB10-1L(445-515) Maximum Pit
e PB11-L(196-266) )
= 1.25 ® PB11-L(196-266) Maximum Pit
= * PB11-R(6-51)
£1.00 X PB11-R(6-51) Maximum Pit
O + PB10-L(138-208)
Ex 075 B11-R(6-51) +PB10-L(138-208) Maximum Pit
N ESEES S S SmaSss SE==Ss
0.50 s . X
CJ -]
0.25 &.l A °s . " ® i. .
0.00 ._‘..ﬂﬁzL _.;z._ - ﬁ._.._ I—L _..m —e-

0 50 100 150 200 250 300 350 400 450 500
Prestressing strand length [mm)]
PB13-R(70-115)

2.00

2 PBI1-L(196-266)
(b) APB11-L(196-266) Maximum Pit
1.75 e PB12-L(124-169)
e PB12-L(124-169) Maximum Pit
1.50 & PB12-R(100-170)

: ® PB12-R(100-170)_Maximum Pit
* PB13-L(108-178)
1.25 A PB13-L(108-178) Maximum Pit

+ PB13-R(70-115)

100 + PB13-R(70-115) Maximum Pit

: x PB14-R(77-122)_ )
x PB14-R(77-122) Maximum Pit

Px/router [_]
x>

0 50 100 150 200 250 300 350 400 450 500
Prestressing strand length [mm]

© ® PB11-R(273-318)
175 ® PB11-R(273-318) Maximum pit
150 © PB13-L(1-46)

® PB13-L(1-46) Maximum Pit

125 | pB13-L(1-46)
Sroo | EESEEEESSS
\{
0.75
A » - Longitudinal average
0.50 ° & m penetration depth,
N : Pav, Zongl/router

0 50 100 150 200 250 300 350 400 450 500
Prestressing strand length [mm)]

Figure 6-14 Pitting spatial variability of corroded samples unaffected by surface defects of concrete:
(a) low, (b) intermediate and (c) high corrosion level.
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The analysis of samples retrieved from beam regions affected by concrete surface
defects in the form of longitudinal splitting cracks, revealed a significant increase in pitting
spatial variability in terms of measured maximum penetration depth, Puax iong/Fourer, as well as
uniformity and severity of the longitudinal damage pattern, i.e. average longitudinal penetration
depth, Pay,iong1/Fouter, as shown in Figure 6-15. Compared to the previously analyzed samples, a
normalized average penetration depth, Puy,iongl/Fouer, Of more than 0.25 and a normalized
maximum penetration depth, Puax iong/Tourer, 0f up to 1.25 were measured.

In addition, samples from “cracked” regions were classified further by differentiating
them according to the different beam position in which concrete surface defects occurred, i.e.
(1) at beam centreline or (ii) at the beam edges, as highlighted in Figure 6-15(a) and Figure
6-15(b). The different behaviour of the corroded samples is strictly associated to the
construction practice deficiency highlighted at beam edges during the characterization phase.
In fact, in the first scenario, which was characterized by the presence of longitudinal splitting
cracks at mid-span, chloride ions could only rapidly migrate towards the prestressing strands
due to the presence of concrete surface defects, Figure 6-15(a). The second scenario,
conversely, was influenced by a combination of surface defects and construction practice
deficiency that caused chloride ions to diffuse both through the longitudinal crack and from the
end side of the PC beam due to the direct contact between aggressive agents and unprotected
prestressing reinforcements, Figure 6-15(b). From the comparison of the two chloride ions
diffusion scenarios, a significant difference in the pitting spatial variability of related corroded
samples was clearly observed. Sample PB10-R(287-332) — subjected to the first chloride ions
diffusion scenario — exhibited a uniform damage pattern with similar P./rousr values in adjacent
sections. Samples subjected to the second chloride ions diffusion scenario showed a non-
uniform damage pattern along the entire length of the corroded strand, with deeper pits located
near the beam edges due to the previously mentioned combined action. Furthermore, unlike
samples retrieved from beam regions unaffected by concrete surface defects, all of the analyzed
sections were affected by pitting, highlighting the greater aggressiveness of the corrosion
process. In this regard, the obtained results were in line with the experimental findings of Chen
et al. (2020), which showed the presence of deeper pits, greater volume loss and a more
homogeneous spatial variability of pitting morphology from the analysis of 66 rebars subjected

to chloride-induced corrosion for more than 3 years.
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Figure 6-15 Pitting spatial variability of corroded samples affected by surface defects of concrete: (a)
with and (b) without the additional effect of construction practice deficiency.
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Subsequently, measurement-based-correlations were provided for the prediction of the
normalized maximum penetration depth, Prax,iong/Touter, as a function of the number of pits per
meter, npis/m, the normalized average longitudinal penetration depth, Pay,iong/Fourer, and the
mass loss, 7. The latter expressions were found to simultaneously take into account the effects
associated with the corrosion process and the presence or absence of concrete surface defects.

As shown in Figure 6-16, a trilinear trend — discretized into (i) un-cracked, (ii)
transition, and (iii) cracked phase — was defined for all proposed correlations, as expressed in
Egs. 6-7 to 6-9, Egs. 6-10 to 6-12, and Egs. 6-13 to 6-15. In particular, it is worth noting that
experimental data of samples PB10-L(445-515) and PB13-L(108-178) were excluded from the

definition of correlations due to outliers.
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In general terms, during the first phase, the diffusion of chloride ions towards the
prestressing reinforcements was inhibited by the presence of the un-cracked concrete cover,
leading to the formation of small and localized pits. The ingress of chloride ions was then
facilitated by the onset of concrete cracking, causing a pronounced increase in npis/m as well as
in the number of section affected by corrosion, implying a rapid increase in Pay,iong1/Tourer and 7.
Simultaneously, the increase in maximum penetration depth was less pronounced with
maximum pits usually occurring in correspondence of damaged beam regions or where a
construction practice deficiency was detected. Finally, during the advanced cracked phase, the
deteriorated concrete cover provided no barrier to the diffusion of chloride ions, resulting in a
significant increase of all the examined corrosion parameters in terms of Puax,iong/Fouter, Rpits/ M,
n, and Pay, jong1/Tourer- In particular, it is interesting to note how mass loss values, #, higher than
10% were obtained in the case of corroded samples extracted from beam regions affected by
concrete surface defects. Going into detail, Ppuax iong/Tourer values of 0.0 and 0.5 were set as the
upper and lower boundary limit of the un-cracked phase of the proposed relationships. These
latter represent the absence of corrosion and the attainment of a deterioration level equivalent
to /4 of the external wire diameter, ®ouer, respectively. The upper boundary limit of the
transition phase was similarly assumed at a Pyax iong/Tourer Values of 0.6, which corresponds to
the reaching of a deterioration level of approximately /3 of the external wire diameter, ®ourer.
In addition, npis/m threshold limits equal to 85 and 350 were defined in correspondence with
Praxiong/Fower values of 0.5 and 0.6, respectively. For the same Puax iong/Tourer values, threshold
limits of # equal to 4% and 10% were calculated. These thresholds were generally defined on
the basis of the best-fit of experimental outcomes. Furthermore, a Pax iong/Tourer value equal to
2.0 was set as the upper boundary of the cracked phase for all correlations, representing the
complete deterioration of the external wire (Pmax,iong/Touter = 2 = ®outer).

The accuracy of the proposed relationship was confirmed by the good fitting of
experimental data, as expressed by the coefficient of correlations, R?, obtained for the un-
cracked and cracked phases reported in Figure 6-16. From a general point of view, the proposed
relationships are intended to light interest in the different behaviour between cracked and un-
cracked PC members. Although these relationships should be further validated through the
analysis of additional corroded prestressing strands, the preliminary outcomes clearly
demonstrate the key role played by the presence of concrete surface defects in the modification
of pitting morphology spatial variability of naturally corroded strands. In this context, particular

attention should be paid to the identification of possible construction practice or design
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deficiencies of the analyzed structural member as well as the different pathways that chloride
ions can follow throughout the diffusion process towards the prestressing reinforcements. Of
course, further studies should also be conducted to analyze PC beams subjected to different

exposure conditions.
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Table 6-3 Relevant corrosion parameters estimated from the pitting variability of corroded strands.

Sample ID Pma_x,l;}-zgir/router Ami{l_/i/!p,l] Pav,lnn[g:l]/router ,l[l(:t/zoaic ,u[s;;:r]ui
PB9-L(12-82) 0.80 0.788 0.29 37.58 21.28
PB9-L.(426-496) 0.20 0.975 0.02 3.67 2.49
PB9-R(15-60) 1.31 0.794 0.33 69.20 20.58
PB9-R(428-473) Un-corroded - - - -
PB10-L(138-208) 0.28 0.970 0.03 8.39 3.09
PB10-L(445-515) 1.20 0.859 0.20 59.61 14.04
PB10-R(32-102) - - - -
PB10-R(287-332) 1.35 0.874 0.24 59.60 12.60
PB11-L(5-75) Un-corroded - - - -
PB11-L(196-266) 0.66 0.938 0.10 28.66 6.30
PB11-R(6-51) 0.46 0.987 0.06 17.51 1.33
PB11-R(273-318) 0.59 0.953 0.11 23.48 -
PB12-L(12-82) 0.73 0.817 0.25 36.85 18.27
PB12-L.(124-169) 0.58 0.949 0.14 23.96 5.14
PB12-R(100-170) 0.47 0.960 0.15 15.20 3.94
PB12-R(358-403) Un-corroded - - - -
PB13-L(1-46) 0.69 0.954 0.20 22.85 4.62
PB13-L(108-178) 0.86 0.936 0.28 34.38 6.40
PB13-R(0-70) 0.65 0.858 0.23 27.02 14.19
PB13-R(70-115) 0.47 0.951 0.14 20.23 4.87
PB14-L(10-55) 1.05 0.833 0.31 53.06 16.69
PB14-1.(455-500) Un-corroded - - - -
PB14-R(2-72) 0.58 0.876 0.23 23.69 11.60
PB14-R(77-122) 0.25 0.987 0.08 4.99 1.33
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6.4.2.1.3 Penetration depth probabilistic analysis

This section investigates the probabilistic analysis of the penetration depths measured
for each corroded strand, adopting the sectional analysis every 10 mm. In detail, the probability
distribution functions commonly used in the literature — i.e. Normal, Lognormal and Gumbel
Extreme-value distributions — were first selected to fit the available experimental data in terms
of both probability density function, PDF, and cumulative distribution function, CDF, reported
in Figure 6-17 for sample PB9-L(12-82). From the comparison, the Lognormal distribution
function was found to be the most suitable distribution for describing the spatial variability of
longitudinal pitting morphology. For the sake of completeness, the general expression of

Lognormal distribution is reported in Eq. 6-16:

1 1| Inx—-A4,
fX(X)=meXp T 6-16
where A, and (i are, respectively, the mean value and the standard deviation of the adopted
distribution function, which outcomes are reported in Table 6-4 for each analyzed corroded
sample. Table 6-4 also displays the main statistical parameters of the obtained distributions in

terms of mean value, u, and fractile value at 95%, Px0.9s.
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Figure 6-17 Sample PB9-L(12-82) distribution functions comparison: (a) PDF and (b) CDF.

Furthermore, Figure 6-18 summarizes the PDF and CDF of each corroded strand. By
carefully analyzing the obtained distributions, it was confirmed that samples characterized by
low corrosion damage showed shallow and small-size pits generally widely spaced along the
sample length. Vice versa, as the corrosion level increased, the measured pits appeared
randomly with varying size and penetration depth, reaching over-sized dimensions and a
widespread diffusion for high corrosion levels.

Similarly to the procedure described for the probabilistic analysis of the measured
penetration depths of each corroded strand, the Normal, Lognormal and Gamma distribution
functions were subsequently adopted to investigate the maximum measured values of
longitudinal penetration depth, Puaxiong, reported in Figure 6-19. The Lognormal distribution
function was found to be the most suitable curve for the probabilistic description of the
maximum longitudinal penetration depth, as illustrated in Figure 6-19 by the PDF plots
expressed in normal and semilogarithmic scale. In this regard, the statistical parameters of mean
value, tx,max, and variance, omax, were calculated to be 0.51 and 0.308, respectively. As a result,
future research can be devoted to the proposal of new structural reliability methods on the basis
of the obtained probabilistic results, providing useful tools for the assessment of corroded

prestressing strands and existing deteriorated structures.
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Figure 6-18 Lognormal distributions for each corroded strands in terms of (a) PDF and (b) CDF.
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Table 6-4 Main statistical parameters of the Lognormal distribution function of each corroded strand.

Ax {x Hx Px,0.95
Sample ID
i [l [l [mm] [mm]
PBY-L(12-82) -0.57 0.45 0.57 1.18
PB9-L(426-496) -1.79 0.62 0.16 0.46
PB9-R(15-60) -0.49 0.51 0.61 1.43

PBY9-R(428-473)

Un-corroded

PB10-L(138-208) -1.08 0.39 0.34 0.65
PB10-L(445-515) -1.20 0.82 0.30 1.17
PB10-R(32-102) - - - -
PB10-R(287-332) -0.94 0.66 0.39 1.15
PB11-L(5-75) Un-corroded

PB11-L(196-266) -1.51 0.71 0.22 0.71
PB11-R(6-51) -1.36 0.76 0.25 0.89
PB11-R(273-318) - - - -
PB12-1,(12-82) -0.73 0.46 0.48 1.02
PB12-1,(124-169) -1.43 0.69 0.24 0.74
PB12-R(100-170) -1.24 0.57 0.29 0.74
PB12-R(358-403) Un-corroded

PB13-L(1-46) -0.97 0.53 0.38 0.90
PB13-L(108-178) -0.72 0.67 0.49 1.47
PB13-R(0-70) -0.80 0.44 0.45 0.92
PB13-R(70-115) -1.43 0.74 0.24 0.81
PB14-L(10-55) -0.55 0.49 0.58 1.30
PB14-L(455-500) Un-corroded

PB14-R(2-72) -0.86 0.50 0.42 0.97
PB14-R(77-122) -1.60 0.49 0.20 0.45
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6.4.2.1.4 Residual cross-section

The residual cross-section, Amin, of each corroded sample were also analyzed using the
GOM Inspect software. The residual cross-sectional area tended to decrease as the corrosion
level increased, as shown in Figure 6-20. An unpredictability of 4,;» was observed in adjacent
sections along the overall length of the analyzed corroded samples. It is worth noting that the
difference between the un-corroded cross-sectional area measured using the GOM Inspect
software — equal to 106.9 mm? — and the actual one — equal to 100 mm? in the case of a 7-wire
prestressing strand with an equivalent diameter of 12.9 mm — was related to the inability of the
3D laser scanner to measure the empty space between adjacent wires. Furthermore, the
maximum pit depth did not always occur in correspondence with Auin. To this end, three
corroded samples belonging to the same region of the beam PB4P14 were compared in terms
of both penetration depth and residual cross-sectional area variation. As evidenced by red and
blue markers in Figure 6-21, the maximum pit depth and the residual cross-sectional area of
sample PB14-L(10-55) occurred in the same section, while their position varied significantly
from samples PB14-R(2-72) and PB14-R(77-122). This evidence is in contrast with the
experimental findings on corroded rebars and depends on different contribution of external
wires. Indeed, in correspondence of the maximum penetration depth recorded for the most
corroded wire, the remaining wires can be characterized by different corrosion levels, resulting

in a strong variability of 4, values.
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Figure 6-20 Variability of residual cross-section of corroded strand as a function of corrosion level.
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Figure 6-21 Comparison of corrosion parameters (Px and 4,.i») for corroded samples retrieved from the
left edge of beam PB4P14.
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6.4.2.2 Transversal pitting factor definition

In the present research, since the sectional maximum penetration depth, Piaxsecrionati,
varied along the sample length, as demonstrated by 3D scanning results, a transversal pitting
factor was defined to characterize the sectional spatial variability of the analyzed corroded
strands. The transversal pitting factor, €;, is a sectional value and is a useful parameter for
determining the sectional corrosion condition of the external wires of a corroded strand.
Therefore, considering that a sectional analysis was conducted every 10 mm, a total of twenty-
five or fifty ©; values were measured for each analyzed corroded strand on the basis of the two
different scanned lengths, Lcn, reported in Table 6-1.

The sectional average penetration depth, Puy,iansvi, 0f €ach corroded strand at each
analyzed section was calculated as the mathematical average of the sectional penetration depths,
P seciional,i, Of the external wires with the only exception of the sectional maximum penetration

depth neglection, Puax seciionali, according to Eq. 6-17 and as highlighted in Figure 6-22:

nsegtiqnal
Px,sectional,i

1 6-17
n

av,transv,i
sectional

where nsecrionar 18 set equal to 5 and represents the number of external wires, except for the most

corroded one.

n

SogHoqal
z R;,sec tional ,i
T — ||P

max,sectional,i o

av,transv,i

sectional

c = most corroded wire

e to e = other external wire

Figure 6-22 Focus on Py yransv,i calculation.
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The transversal pitting factor, £2;, was defined as the product of two parameters, named

as intensity factor y; and transversal factor f;, as expressed in Eq. 6-18.

N segtiopal
S I)x,sectional,i

av,transv,i ! Msectional
Q _ . ,B __ " max,sectional i T outer __ " max,sectional i r outer _
i ]/ i i
27" max,sectional ,i 2]" max,sectional ,i
outer > ) outer s >
r outer router 6‘ 1 8

N segtional
Y l)x,sectional,i
N segtignal
U Msecional E B sestionati

router ! nsec tional

2 2r

outer

The transversal pitting factor ©; ranged between 0 and 1.0, where 0 represents the un-
corroded scenario, and 1.0 represents the entire deterioration of the external wires in the
analyzed section. Specifically, the intensity factor y;, which identifies the sectional corrosion
level, was defined as the ratio between the maximum sectional penetration depth, Puax secrionatis
and two times the radius of the external un-corroded wire, 7ouer (Wire diameter). The factor y;
ranged between 0 and 1.0, whit 0 representing the un-corroded scenario, and 1.0 being the
critical scenario where the external wire is completely corroded (Ppax sectionali = 2 times Fouzer).
Besides, the transversal factor f§; was evaluated as the ratio of the normalized sectional values
of average and maximum penetration depth, Pay, ransv,i and Ppax secrionat i, tespectively. The factor
Piranged also between 0 and 1.0, where 0 stands for the un-corroded scenario and 1.0 represents
the homogeneous corrosion scenario. As a matter of fact, regardless of y; value at the
investigated section, for a f; value of 1.0, all the external wires had the same sectional
penetration depth, which results equal to Puax,sectionat,i.

After processing the experimental data obtained from the sectional analysis of each
corroded sample, a quadratic regression trend was proposed for the prediction of ©; as a function
of the normalized maximum sectional penetration depth, Puaxsecrional,i/Touter, as €xpressed in Eq.

6-19 and graphically shown in Figure 6-23:

2

Pmax sectional i Pmax sectional ,i
Q. =0.189| ———| +0.125| ——— 6-19

router router

where an upper boundary limit of Ppax sectionat,i/Tourer Was set equal to 2.0, which corresponds to

the entire deterioration of the external wire scenario.
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Figure 6-23 Regression trend for the prediction of the transversal pitting factor ..

The effectiveness of the proposed correlation consisted in the definition of a simplified
expression for the sectional analysis of corroded prestressing reinforcements that allowed the
prediction of the average sectional penetration depth of corroded external wires, Pay,ransv,i, as a
function of a single parameter, that is the sectional maximum penetration depth, Puaxsecrionati,
as highlighted by Eq. 6-20. Furthermore, the use of the proposed correlation enabled to partially
overcome the issue related to the in-situ assessment of prestressing reinforcement. Indeed, after
the removal of the concrete cover, in-situ measurements are generally performed on outward
external wires only, with no opportunity to identify the actual condition of hidden wires. Vice
versa, once the maximum penetration depth is known the average sectional penetration depth,
in the form Pay,ransy,i/Touer, can be predicted by adopting the relationship proposed in Eq. 6-20.
To this end, it is worth noting that the highest corrosion level is commonly detected in the
outward region of reinforcements, which is more exposed to aggressive agents and

environments.
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Finally, referring to Figure 6-23, it is possible to observe how the dispersion of
experimental data varies as the maximum sectional penetration depth, Puaxsectionali/Vouter,
increases. In detail, taking into account different ranges of Puax sectional,ilTouter, the following
considerations can be outlined:

= For the range 0.0 < Ppaxsectionalil Youter < 0.2: low €; values with limited dispersion

of experimental data were measured, indicating a lower sectional corrosion level
of the external wires with respect to the most corroded one;
=  For the range 0.2 < Ppax secrional,il Fourer < 0.5: the measured Q; values increased with
the increase in Puaxsecrional,il Yourer, Showing a relevant dispersion of experimental
data. Indeed, different corrosion levels of external wires were detected,
highlighting the great variability and randomness of corrosion attack in transversal
(sectional) direction.

=  For the range 0.5 < PuaxsectionalilTourer < 0.8 (experimental maximum measured
value): even though the absolute value of the parameter €; still increased with the
increase in Puax,sectional,il Touter, the experimental data dispersion obtained was lower
if compared to the previously analyzed range. As a result, for high corrosion levels,
it was confirmed that the corrosion attack became more homogeneous and diffuse

in both transversal and longitudinal directions of a corroded strand.
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6.4.3 Correlations between different corrosion damage assessment parameters

6.4.3.1 Penetration depth vs mass loss

To investigate the behaviour of corroded prestressing strands in depth, a relationship
between mass loss, #, and maximum longitudinal penetration depth — whether or not in its
normalized form (1) Pmax,iong in Table 6-2 or (i1) Pumax,iong/Fourer in Table 6-3 — was first analyzed.
To this end, the available corroded samples were further divided into three groups based on
their mass loss value, Table 6-2. According to Lu et al. (2016), the low corrosion level, denoted
as LV-A, varied between 7 values equal to 0% and 2%; the intermediate corrosion level,
denoted as LV-B, ranged between 7 values equal to 2% and 10%, whereas the high corrosion
level, denoted as LV-C, referred to n values higher than 10%. Figure 6-24 shows that an
univocal trend correlating the two corrosion parameters could not be defined; on the contrary,
different linear regression trends were established for each corrosion level analyzed, as

expressed by Egs. 6-21 to 6-23.

P ig =0.06017 6-21
P g = 0280477 6-22
P g =0.120677 6-23

Based on the obtained results, a wide dispersion of available data was observed,
especially for samples belonging to LV-A and LV-B. In the case of LV-A, the scatter of the
results was most likely caused by the small number of corroded samples, emphasizing the need
for additional experimental research with the goal of expanding the available data. Conversely,
with regards to LV-B, the data dispersion was already noticed in scientific literature in the case
of corroded reinforcing rebars. In this context, Li et al. (2019) argued that Puaxiong values can
better reflect the severity of localized pitting corrosion, whereas 5 values better suited to
represent the average or homogeneous corrosion. Indeed, small scattered pits with low values
of maximum pit depth or limited deep pits with high values of maximum pit depth can both
return the same mass loss. Finally, a good data interpolation was obtained when looking at LV-
C. This latter experimental evidence is associated with the tendency of pitting corrosion to
distribute more evenly along the sample length as the corrosion level increases, resulting in a

better fit of experimental data.
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Figure 6-24 Relationship between # and P iong-

Investigating the relationship between # and Puax iong/¥ourer — highlighted in Figure 6-25
— a new analytical expression consisting of two branches was proposed, as also reported in Eq.
6-24 and Eq. 6-25. First, two groups of corroded samples, denoted as LV-A" and LV-B”, were
identified by distinguishing between samples with a mass loss value lower or higher of 5%.
Second, regression analyses were performed to best-fit the experimental data from the two
different groups. Both groups were then discretized by adopting a linear and a parabolic trend,
respectively. Finally, a critical mass loss threshold of 4.15% was determined as the intersection

point of the two analytical trends.

P

—mxlrs —0.1212n 6-24
router

P
el — ().0027% —0.00767 +0.5 6-25
’/;Juter

As a result, a good interpolation of the available data was obtained. In particular, the
proposed expressions were able to capture the change in behaviour of corroded strands with
high mass loss values. In addition, the power of the proposed relationships lay in the direct
correlation of two of the main corrosion parameters adopted in the scientific literature to predict

the residual mechanical properties of corroded prestressing strands.
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6.4.3.2 Mass loss vs minimum residual cross-section

In addition, the correlation between mass loss, #, and minimum residual cross-section
of the corroded prestressing strands, Ami», was investigated. The measured 4., values, in
particular, were normalized by dividing them by the un-corroded cross-section of the entire
strand, 4,0, as reported in Table 6-3. Considering the coefficient of correlation, R2, equal to

0.877, a satisfying relationship was established, as shown in Figure 6-26.
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Based on the available data, the normalized minimum residual cross-section tended to
decrease linearly with the increase in mass loss values, #, according to the expression showed
in Eq. 6-26. In this framework, similar experimental findings were outlined in the scientific
literature by other authors through the analysis of reinforcing steel rebars, (D. Li et al., 2019),
and deformed steel bars, (F. Tang et al., 2014), subjected to chloride attack. Therefore, even in
the case of corroded prestressing strands, the minimum residual cross-sectional area was
discovered to be an important material damage parameter to be considered in the analysis of

chloride-induced corrosion.

% =-0.01137+1 6-26

P,0
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6.4.3.3 Cross-sectional loss vs strand-unit sectional loss

To thoroughly investigate the chloride-induced corrosion effects on seven-wire
prestressing strands, other significant corrosion parameters besides #, Pumaxiong/Touters
Pav,jong1/Touter, and npizs/m, were investigated on the basis of the GOM Inspect measurements:

1. The wire cross-sectional loss, u, with particular focus on its maximum value in the
case of the most corroded wire, ymax, €valuated in correspondence of the measured
maximum penetration depth;

2. The strand unit-sectional loss, tsrand.

In general terms, the cross-sectional loss, u, of a corroded wire was calculated

according to Eq. 6-27:
A A A

-4 .
_ 14 _ ““w,outer,0 w,min __ 1 _ W,min
= = =] 6-27
# A A

w,outer 0 w,outer,0 w,outer,0

where A, is the previously calculated area loss due to pitting (Table 6-2 and appendix A.3) and
Avw,outer,0 18 the un-corroded cross-section (area) of the external wire and A, min is the minimum
residual cross-section of the corroded wire. In the case of a seven-wire prestressing strand, the
cross-sectional loss of the most corroded wire, tmax, Was proven to be one of the most relevant
parameters for the estimation of the residual mechanical properties, as demonstrated by the
work carried out by Jeon et al. (2019). Therefore, the measured zmqx values for the investigated
corroded samples were measured and reported in Table 6-3. In addition, the cross-sectional
losses of each external wire — in correspondence to the section where the maximum penetration
depth, Puaxiong, was identified — were reported in Appendix A.4.

The strand-unit section loss, srana, Was defined as the sum of the wire cross-sectional

losses, i, evaluated at the same section, according to Eq. 6-28:

.

Y|

X
where 4,0 is the un-corroded cross-section (area) of the prestressing strand, 4, is the i area

6-28

lustrand =

loss due to pitting of a wire at the analyzed section and # is the number of wires composing the
strand — set equal to 7. For the sake of completeness, the strand-unit section loss, isirand, —
evaluated in correspondence of the section at which the Py ione Was identified — were reported

in Table 6-3.
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6.4.3.4 Maximum penetration depth vs cross-sectional loss of the most corroded wire

The relationship between the maximum longitudinal penetration depth, Ppuax iong, and
the corresponding cross-sectional loss of the most corroded wire, gmax, has been analyzed in the
present paragraph. In particular, the experimental data obtained from the GOM Inspect
measurements were adopted to further extend the validity of the analytical expression proposed
by Wang et al. (2020). In their study, Wang et al. (2020) initially defined a logarithmic trend
between Praxiong and umax based on the regression analysis of experimental data obtained from
the morphological investigation of 119 pits measured from corroded strands belonging to PC
beams subjected to several years of wet-dry conditions, adopting an artificial climate box.
However, the proposed correlation — depicted in Figure 6-27 and reported in Eq. 6-29 — was
approximately fitting the experimental data, resulting in a large discrepancy between actual
values and analytical predictions, as confirmed by the coefficient of correlation, R?, equal to

0.49. Furthermore, the most corroded wire’s cross-sectional loss value was only 33.4%.

P

max,long

=0.5311n( x4, ) +0.02 6-29

Similarly to the procedure adopted by Wang et al. (2020), an exponential relationship
was first established between the two analyzed corrosion parameters on the basis of the new
experimental outcomes reported in Table 6-3. The accuracy of the exponential trend — showed
in Figure 6-27 and reported in Eq. 6-30 — was confirmed by the high R? value of 0.97. Moreover,
unlike the experimental campaign conducted by Wang et al. (2020), the domain of application

of Eq. 6-30 was expanded to a measured experimental . value equal to 69.20%.

P

max,long

=3.422140%% 6-30

Subsequently, combining all the experimental data, the exponential relationship, given

in Eq. 6-31, was determined and plotted with a black dotted line in Figure 6-27.

P

max,long

=3.92624>% 6-31

As a result, although the accuracy of the analytical prediction was significantly
impacted by the data scattering measured in Wang et al. (2020) experimental work, the updated
exponential trend resulted in an improvement of scientific knowledge in terms of: (i) increase
of available experimental data from naturally corroded prestressing strands and (ii)
improvement of the coefficient of correlation, R?, of the original correlation, from 0.49 to 0.53.

In this regard, the dispersion of data measured by Wang et al. (2020) can be attributed to two
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concurrent factors: (i) the adoption of a different corrosion process, in this case the use of the
ACE method instead of natural corrosion, and (ii) the adoption of a manual measurement

procedure for the maximum penetration depth instead of an accurate 3D scanning technique.
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Figure 6-27 Relationship between P iong and timax-

6.4.3.5 Wire unit cross-sectional loss vs strand unit cross-sectional loss

Further discussions concerned the relationship between the cross-sectional loss of the
most corroded wire, tmax, and the cross-sectional loss of the overall strand, psiand.

As shown in Figure 6-28, the measured experimental data — reported in Table 6-3 —
were adopted to extend the original relationship proposed by Jeon et al. (2020). Specifically,
the polynomial trend, reported in Eq. 6-32, was established from the analysis of corroded
prestressing strands retrieved from naturally corroded dismantled bridges and was limited to
Umax and Usrana values of approximately 35% and 10%, respectively. Thanks to the new data
from the present research, an updated exponential version of the relationship, as expressed in
Eq. 6-33, was proposed in which the domain of application was extended up to ttmax and gsirana

values of 69.20% and 21.28%, respectively.
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. =26093.5 —1222740  +1954.8040,  —140.35.2,  +7.03u,,.., 6-32
. =1.9018.7™ 6-33

As a result, for a cross-sectional loss of the most corroded wire, gmar, €qual to 100%,
corresponding to the deterioration of the entire external wire, a cross-sectional loss of the
overall strand, irana, of approximately 43% was predicted. Furthermore, it was demonstrated
how, as the cross-sectional loss of the most corroded wire increased, the remaining wires could
also be affected by different corrosion levels, leading to an exponential reduction of the cross-
sectional loss of the overall strand. Therefore, once the most corroded wire is completely
deteriorated, the contributions provided by the remaining wires are a fundamental resource for

the residual mechanical behaviour of a corroded prestressing strand.
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6.4.4 Overview on longitudinal pitting factor

In the scientific literature, the longitudinal pitting factor is generally defined as the
ratio between the maximum longitudinal penetration depth and the average penetration depth
based on a homogeneous corrosion attack. Over the past decades, several experimental studies
on corroded RC specimens have been conducted worldwide to investigate the pitting factor
variability, revealing a significant dispersion of experimental outcomes. First, Tuutti (1982)
observed a pitting factor range between 4 and 10 by conducting a two-year experimental
campaign during which reinforcing rebars were subjected to accelerated corrosion by means of
an external voltage source of approximately 1 V. Then, Apostolopoulos et al. (2013) compared
the behaviour of reinforcements embedded in concrete and bare bars exposed to the same
corrosion level (expressed in terms of mass loss). The outcomes revealed a greater
aggressiveness of pitting corrosion in the case of embedded reinforcements, especially in terms
of maximum penetration depth and pit planar dimensions. In detail, a pitting factor range from
4 to 8 was measured for B500c bars embedded in concrete cylinders previously placed in a salt-
spray exposure chamber. Furthermore, Gonzalez et al. (1995) defined pitting factor values
ranging from 2.7 to 8.9 in the case of natural corrosion and from 5.9 to 16.1 in the case of
accelerated corrosion.

A lack of experimental studies was observed on the same topic in the case of corroded
prestressing strands. In fact, Darmawan and Stewart research (2007) investigated the pitting
factor of several prestressing wires and strands previously subjected to an accelerated corrosion
process using a current density of 80 pA/cm?. The outcomes revealed pitting factor ranging
from 8.5 to 10.9 and from 8.1 to 11.0 in the case of prestressing wires and strands, respectively.
To fill this gap, the present research analyzed the pitting factors of naturally corroded
prestressing strands for the first time, with the aim of providing useful data for an accurate
description of the pitting spatial variability of this particular type of reinforcements.

Hereafter, longitudinal pitting factors were defined to characterize the longitudinal
spatial variability of the analyzed corroded strands. The longitudinal pitting factor, a, is unique
to each corroded strand and is a useful factor to identify the axial corrosion condition. In this
regard, three different expressions for the longitudinal pitting factor have been proposed in the
following paragraph on the basis of three different methods for quantifying the average

longitudinal penetration depth.
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6.4.4.1 Average penetration depth definition
In addition to the previously estimated Pay,iongl, two new definitions of the average

longitudinal penetration depth, denoted as Py, iong2 and Pay,iong3, were introduced as expressed in

Eq. 6-34 and Eq. 6-35.

¢ 77 0.5
eq,0
})av,long2 = ; 1_ _ﬁ 6-34
ne. al
XZ, Pmax,long,i 6-35
Pav,long3 =

external

Paviong> Was calculated as a function of the mass loss value, #, of each corroded strand,
where ¢eq,0 corresponds to the un-corroded equivalent diameter of the seven-wire prestressing
strand; whereas, Paviongs Was calculated as the average value of the siX, neverna, maximum
penetration depths measured for each external wire, Puaxiongi, through the GOM Inspect
analysis, as shown in Figure 6-29. The latter parameter, in particular, was evaluated to
simultaneously account for the contributions of external wires in the overall response of a

corroded strand.

1
22 Pmax,long,i
1

nextemal P

max,long,3

P

max,long,4 max,long,5

P

max,long,6

Figure 6-29 Focus on Py e calculation.

For the sake of completeness, the normalized values of Puy,iong2/Fouter and Pay, tong3/Fouter
are obtained by dividing Pay,iong2 and Pay,iongs values for the un-corroded radius of the external

Wire, Fourer , as reported in Table 6-5.
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6.4.4.2 Longitudinal pitting factor calculation

Based on the different expressions of the previously determined average penetration
depths, Pay,iong1, Pav,iong2, and Pay,iong3, as many longitudinal pitting factor values, denoted as ai,
o2, and a3, were estimated. As previously stated, the longitudinal pitting factor was defined as
the ratio between the maximum penetration depth, assumed to be Ppaxiong, and the average
penetration depth calculated as a function of the mass loss value as if the corrosion was
homogeneous. Therefore, the “classic ” version of the longitudinal pitting factor was calculated
according to Eq. 6-36 — with i equal to 2 — by adopting Pay,iong2 values. Conversely, different
interpretations of pitting factor — a1 and a3 — were proposed through Eq. 6-36 — with i equal to
1 and 3 — by using Paviongl and Paviongs values, respectively. Nevertheless, the calculated
longitudinal pitting factors were always greater than 1.0 and were inconsistent over time,

varying as a function of the corrosion level of the analyzed sample.

_ Pmax,l(mg .
a=—— for i=123 6-36

i
av,long i

Referring to the average longitudinal penetration depth evaluated as the mathematical
average of detected pits, Paviong1, the measured pitting factors varied between 2.53 to 10.84. As
shown in Figure 6-30(a), for low corrosion levels, the pits were localized along the sample
length and a significantly disparity was generally observed between sectional and average
penetration depths, leading to a1 values close to 10. Conversely, as the corrosion level
increased, the sectional difference in penetration depth, and consequently a; values, decreased,
leading to a1 values between 4 and 2. Once again, the reduction in pitting factor was strictly
related to the appearance of multiple pits with variable penetration depths along the overall
sample length, which yield to a more homogeneous longitudinal corrosion pattern as the
corrosion level increased. Analyzing the variability of the pitting factor based on the average
longitudinal penetration depth, Pay,iong2, €stimated as a function of # values, a range of a2 from
2.92 to 15.11 was obtained, as shown in Figure 6-30(b). This range was comparable to the one
(2.7 to 8.9) indicated by Gonzalez et al. (1995) in the case of naturally corroded reinforcing
rebars. Nevertheless, having compared the obtained outcomes to the range (8.1-11.0) reported
by Darmawan and Stewart (2007) for artificially corroded prestressing strands, a greater
dispersion of measurements was noted. The observed discrepancy was attributable to the

adopted corrosion process, which was natural instead of artificially accelerated.
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Finally, considering Paviongs measurements, it was observed how the maximum
longitudinal penetration depth increased with the increase in corrosion level. In particular, a
linear regression trend, with a coefficient of correlation R? of 0.969, was established to fit the
available data. As a result, regardless of the corrosion level of each analyzed strand, the
maximum longitudinal penetration depth, Ppuaxiong, Was discovered to be 1.506 times the
longitudinal average penetration depth, expressed in the form Py, iong3, as shown in Eq. 6-37 and

Figure 6-31.

1

Pmax,long = m])av,longfs = 1'506I)av,long3

The calculated pitting factors ranged between 1.06 and 2.25. For sample PB14-R(2-

6-37

72), the low a3 value was caused by the presence of six deep pits on the external surface of
adjacent wires. Since pits having a similar penetration depth were detected on all external wires,
the maximum and average penetration depths were similar, resulting in a pitting factor close to
1. On the contrary, sample PB10-L(138-208) showed the highest a3 value equal to 2.25. In this
particular sample, three external wires were classified as un-corroded, while the other three
showed a low corrosion level with pit depths ranging from 0.1 mm to 0.4 mm. Since the highest
corrosion area was located in a single wire, showing only one pit depth of 0.59 mm, a tangible

difference between maximum and average penetration depth was calculated.
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Figure 6-31 Relationship between P iong and Pay,iong3-
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Table 6-5 Longitudinal average penetration depths and corresponding pitting factors in the case of
corroded strands.

P av,langZ/ Fouter P av,lang3/ Fouter a1 a2 a3
Sample ID
P [ [ [ [ [
PBY-L(12-82) 0.27 0.64 2.74 2.92 1.25
PB9-L(426-496) 0.04 0.19 10.10 4.68 1.07
PB9-R(15-60) 0.35 0.78 3.99 3.79 1.67

PB9-R(428-473) Un-corroded

PB10-L(138-208) 0.04 0.12 10.84 7.66 2.25

PB10-L(445-515) 0.10 0.80 6.09 12.38 1.44

PB10-R(32-102) - - ] ) ]

PB10-R(287-332) 0.12 0.71 5.72 10.92 1.91
PB11-L(5-75) Un-corroded

PB11-L(196-266) 0.04 0.34 6.28 14.92 1.95
PB11-R(6-51) 0.03 0.21 8.02 15.11 2.17

PB11-R(273-318) - - - - -

PB12-L(12-82) 0.22 0.50 2.90 3.27 1.45
PB12-L.(124-169) 0.07 0.37 4.00 8.81 1.54
PB12-R(100-170) 0.08 0.39 3.23 5.78 1.20

PB12-R(358-403) Un-corroded

PB13-L(1-46) 0.12 0.47 3.37 5.88 1.46
PB13-L(108-178) 0.07 0.70 3.10 13.07 1.23
PB13-R(0-70) 0.18 0.56 2.79 3.66 1.16
PB13-R(70-115) 0.07 0.32 3.30 6.67 1.47
PB14-L(10-55) 0.23 0.69 3.42 4.54 1.53

PB14-1.(455-500) Un-corroded

PB14-R(2-72) 0.18 0.54 2.53 3.20 1.06

PB14-R(77-122) 0.06 0.21 3.24 4.28 1.24
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6.5 Main observations

To accurately evaluate the chloride-induced corrosion effects on the spatial variability of
longitudinal and transversal pitting morphology of prestressing strands, a total of twenty-four
samples (twenty corroded and four un-corroded) were retrieved from six naturally corroded PC
beams subjected to 10 years of sea water wet-dry cycles. The overall procedure consisted of
five main phases. First, a visual inspection and classification of available samples was
conducted based on (i) the sample length, (ii) the detected corrosion level, and (iii) the presence
or absence of concrete surface defects in the region of the beam where the samples were
retrieved. Subsequently, the mass loss calculation carried out adopting the ASTM G1-03
standard procedure, the 3D scanning of corroded and un-corroded samples as well as the post-
processing of data performed using the GOM Inspect software were individually conducted.
The experimental data, obtained from the superimposition of 3D models of corroded and un-
corroded strands and the sectional analysis conducted every 10 mm of each corroded sample,
were then analyzed and several observations and useful correlations between the main
investigated corrosion damage parameters were proposed, supported by a careful comparison
with the data available to date in the scientific literature. The main results are summarized as
follows:

= A total of 101 scanned pits were geometrically classified in terms of area loss due to
pitting, A4,, adopting three pit type morphology configurations, referred to as (i)
hemispherical (Type 1), (ii) half-moon (Type 2) and (iii) planar (Type 3),
respectively. According to the findings, 46.5%, 6%, and 47.5% of pits were classified
as Type 1, Type 2, and Type 3, respectively. Furthermore, regardless of the possible
pit type morphology configuration, two analytical expressions were proposed for the
prediction of the area loss due to pitting, 4,, as a function of the increasing corrosion
level expressed in terms of measured penetration depth, P.. The proposed
relationships aim to overcome the issue related to the proper evaluation of the actual
pit type morphology configuration during in-situ measurements, resulting in more
accurate and less time-consuming operations.

* Considering the outcomes of the pitting morphology longitudinal variability,
penetration depth and minimum residual cross-sectional area, Amin, were found to be
random variables along the sample length. In particular, it was discovered that in the
case of prestressing reinforcements, the maximum penetration depth and the

minimum residual cross-section may not occur at the same location due to the effects
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associated with the different corrosion levels exhibited by external wires.
Furthermore, the 3D scanning procedure and the cleaning phase of corroded samples
— conducted in the present research — revealed that the inner wire was un-corroded
since it did not show any corrosion signs.

The effect induced by the presence of concrete surface defects on the longitudinal
spatial variability of pitting morphology was investigated. On the one hand, samples
belonging to beam regions unaffected by surface defects displayed a random
corrosion pattern with a strong localization of pits. On the other hand, the presence of
surface defects induced a significant increase in the corrosion level of prestressing
reinforcements in terms of both maximum longitudinal penetration depth, Puaxiong,
and uniformity of damage pattern, expressed in terms of average longitudinal
penetration depth, Payiong1. In the case of longitudinal splitting cracks, all analyzed
sections revealed corrosion signs in one or more external wires showing pitting
damage.

Furthermore, the role of a construction practice deficiency consisting in the lack of
prestressing reinforcements protection at all beam edges was analyzed. As a result,
preferential pathways promoting the chloride ions attack through direct contact of
external aggressive agents and prestressing reinforcements, were developed, leading
to a more aggressive chloride-induced corrosion at the beam edges, characterized by
deeper and more diffusely distributed pits. Additionally, the effects of concrete
surface defects were considered in the definition of three-linear measurement-based-
correlations for predicting the maximum penetration depth of the most corroded wire
as a function of different corrosion parameters, such as mass loss (#), average
longitudinal penetration depth (Paviong1), and detected number of pits per meter
(npis/m), respectively. The proposed relationships are essential for a preliminary
description of the differences in behaviour between cracked and un-cracked PC
members.

* For a complete description of the pitting morphology, the pitting factor of naturally
corroded prestressing strands was investigated for the first time by considering its
transversal (sectional) variability. The transversal pitting factor, £;, was defined as
the product of two parameters, named intensity factor y; and transversal factor ..
Based on experimental ©; measurements performed by adopting the GOM Inspect
software, a simplified approach was proposed for the prediction of the average

sectional penetration depth Puy,ransy,i Of €xternal wires as a function of the maximum
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one Ppaxseciionali. The proposed correlations, specifically stated in the dedicated
paragraph, were conceived to partially overcome the problems associated with the in-
situ assessment of embedded prestressing reinforcements in existing structures. In
fact, only exposed external wires can be visually inspected on-site, without any
possibility to deeply identify the actual corrosion damage of hidden wires. On the
contrary, the application of the proposed correlation enables the prediction of the
average sectional penetration depth, in the form Pay, ransv,i/Fourer, as a function of the
single Puax, sectional il Fouter measurement.

Finally, the variability of penetration depths along the sample length were evaluated
by adopting different probability distribution functions, such as Normal, Lognormal,
Gamma, and Gumbel extreme-values distributions. Based on the obtained results, the
Lognormal function provided the best fitting of experimental data in terms of both
probability density function, PDF, and cumulative distribution function, CDF,
respectively. As previously pointed out, new structural reliability methods on the
basis of the obtained probabilistic results might be proposed.

In addition, correlations between different corrosion damage assessment parameters
were defined. These latter should be considered as useful tools for the comparison
and the correlation of different experimental campaigns.

In light of the following chapter, concerning the proposal of constitutive laws for the
prediction of the residual response of corroded prestressing strands, some of the
proposed correlations are essential for the proper estimation of reduced stress-strain

relationships.
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IMPORTANT NOTES: The topics covered in this chapter directly refers to statements,
figures and results published by the author in the below mentioned works available in scientific

literature:

» Franceschini L., Vecchi F., Tondolo F., Belletti B. & Sanchez J. (2022).
Mechanical behaviour of corroded strands under chloride attack: a new constitutive
law. Construction and Building Materials, 316: 125872.
https://doi.org/10.1016/j.conbuildmat.2021.125872

» Franceschini L., Belletti B., Tondolo F. & Sanchez J. (2022). 4 simplified stress-
strain relationship for the mechanical behaviour of corroded prestressing strands:

the SCPS-model. Structural Concrete. https://doi.org/10.1002/suc0.202200170

» Franceschini L., Botte W., Caspeele R., Belletti B., Tondolo F. & Sanchez J.
(2023). Partial safety factor for the design strength prediction of naturally corroded
prestressing strands. Proceedings of the 14" International Conference on
Application of Statistics and Probability in civil engineering (ICASP14), 9t — 13t
July 2023, Dublin, Ireland. abstract accepted & paper submitted.

» Franceschini L., Vecchi F., Belletti B., Tondolo F. & Sanchez J. (2021). SCPS-
Model: a Simplified Stress-strain Model for Corroded Prestressing Strands.
Proceedings of the fib CACRCS Days 2021: Capacity Assessment of Corroded
Reinforced Concrete Structures, 30™ November — 3™ December 2021, venue on-

line, Italy, pp: 73-77.

7-2


https://doi.org/10.1016/j.conbuildmat.2021.125872
https://doi.org/10.1002/suco.202200170

Definition of constitutive laws for corroded strands

7.2 Introduction

As extensively discussed in Chapter 3, a limited number of studies have been
conducted to define a stress-strain constitutive law for corroded prestressing strands. To date,
the state of the art has addressed the prediction of the tensile response of corroded prestressing
strands according to two different approaches:

» By evaluating the corroded strand as a rebar;
* By estimating the overall behaviour of the corroded strand by summing the wires
contributions (equivalent spring model).

Regarding the first approach, Zona et al. (2008), Wang et al. (2020), and Lu et al.
(2016) proposed a simplified elastic-hardening model. As for the second approach, Jeon et al.
(2019) proposed an equivalent spring model, while Zhang et al. (2019) established a stochastic
stress-strain relationship for corroded prestressing wires based on a random generation of cross-
sectional areas. Considering the uncertainty of the available models and the lack of scientific
studies comparing natural pitting corrosion characterization with mechanical test outcomes,
such as prestressing strands strength and ductility, the prediction of the residual mechanical
response of corroded strands requires further efforts and investigation.

To fill the gap, tensile tests were first conducted at the Politecnico of Turin on the
available corroded and un-corroded prestressing strands to evaluate their residual mechanical
response. Then, within the framework of the equivalent spring model, a refined sectional stress-
strain relationship, named CPS-model, was defined based on the pit type morphology
configurations and the cross-sectional losses of the corroded wires. Although the proposed
CPS-model has been successfully validated on the experimental stress-strain relationships from
the present research and the studies conducted by Jeon et al. (2019) and by Giriraju et al. (2022),
its application in daily engineering practice may be limited by the complexity of expressions,
the number of corrosion parameters involved and the practical difficulty of conducting an in-
situ visual classification of the actual pit type morphology configuration. Therefore, an
additional simplified stress-strain relationship, named SCPS-model, was proposed.

The SCPS-model is based exclusively on the maximum penetration depth of the most
corroded wire and remains independent from the classification of the pit type morphology and
from cross-sectional or mass loss measurement. Moreover, simplified expressions were
introduced for the prediction of the ultimate corroded strain, and an average penetration depth
was attributed to the remaining external wires, based on the results of the spatial variability of

pitting corrosion obtained in Chapter 6. From the model validation outcomes, the SCPS-model
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proved to be a useful tool for engineers in current practice due to its reliable predictions of the
residual mechanical properties of corroded strands.

Finally, referring to the draft Model Code 2022 recommendations, a partial material
safety factor was evaluated for the first time for defining the ultimate design strength of a
corroded prestressing strand to be used in the assessment of existing PC members. In detail, the
proposed partial safety factor takes into account several uncertainties related to: (i) geometrical
properties, (ii) mechanical properties of un-corroded prestressing steel, and (ii1) failure mode.
In addition, to account for the corrosion effects, the resistance SCPS-model uncertainties
associated with maximum penetration depth measurement and ultimate corroded mechanical
properties prediction were estimated. Although the adopted procedure could be improved with
the future availability of additional experimental outcomes on corroded prestressing strands,
the preliminary proposed partial safety factor should be considered as a useful tool for a reliable

and time-efficient assessment of the residual capacity of corroded PC members.
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7.3 Tensile tests of prestressing strands

7.3.1 Experimental set-up

To investigate the residual mechanical behaviour of the 18 available corroded
prestressing strands in terms of (i) failure sequence, (ii) ultimate corroded strength, fyu correxp,
and (iii) ultimate corroded strain, &pucorrexp, tensile tests were conducted at the MastrLab
Laboratory of the Politecnico of Turin. Furthermore, additional 4 tensile tests were performed
on un-corroded strand samples to preliminary define the ultimate mechanical properties in
terms of un-corroded ultimate strength, f,.,0, and un-corroded ultimate strain, &pu,0.

To accurately record the wires failure sequence, the tensile tests were conducted under
displacement-controlled procedure, adopting a universal testing machine with a maximum
capacity of 250 kN, as shown in Figure 7-1. The fixing system consisted of two grips, which
clamped the ends of the analyzed sample, and a customized bracing element realized with the
combined use of epoxy resin cast in steel tubes, which prevented the strand-ends from being
damaged and slipping during loading, Figure 7-1. The test set-up was completed by the DIC
system — previously defined in Section 5.3.2 — for the analysis of the strain field evolution of
the investigated sample evaluated through the post-processing of images taken upon achieving
predefined loading stages, as in Figure 7-2. A high-resolution digital camera NikonD90 was
adopted for image recording, whereas the strand external surface was white painted and a high-
contrast black speckle pattern was applied alongside the ROI of the tested strand for a length
equal to Lscan, as shown in Figure 7-2(a). Similar to the procedure conducted for the study of
the displacement and the principal strain fields of corroded PC beams, the open source software
package Ncorr was used to analyze the strain field evolution through the comparison of the
reference image of the unloaded strand and the images of the elongated sample — acquired at
each loading stage, Figure 7-2(b). To validate the efficiency of the DIC measurements, an axial
extensometer with a gauge length of 25 mm was further adopted to directly measure the strand
elongation during the first loading stages. Although the extensometer was removed at a relative
low loading stage to avoid instrumental damage and to ensure workers safety in the event of a
sudden strand breakage, the comparison between recorded experimental values and DIC
predictions for samples PB9-L(12-82), PB10-L(445-515), and PB11-R(6-51) revealed an
excellent agreement. In particular, the outcomes allowed to assume an elasticity modulus, E),o,

of 195 GPa, as highlighted in Figure 7-4.

7-5



Definition of constitutive laws for corroded strands

Reference supports

Fixing system:
steel tubes with | = === === === I
epoxy resin

Universal testing Extensometer

machine for
tensile testing of
strands

Tested sample

Grip

N

x 103
T DIC analysis:
: shortly after the 10
I start of the test
1 NikonD90 8
R
El 1 6
g I
| 4
I
1
| 2
I
! 0
(a) (b)
DIC analysis: DIC analysis: DIC analysis:
for low / for intermediate in proximity to 0.01
loading stage loading stage ‘ first wire failure
1 0.008
0.006
1 0.004
0.002
0

Figure 7-2 Focus on DIC methodology: (a) definition of ROI and speckle patter, and (b) example of
post-processing of taken images by adopting Ncorr software.
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7.3.2 Stress-strain relationships of tested prestressing strands

Following tensile testing, the experimental force-strain relationships of the analyzed
samples were evaluated by combining the load recorded during the displacement-control
procedure with the strain field evolution obtained from the DIC analysis. Subsequently,
dividing the experimental tensile force, 7y e, by the un-corroded cross-section of the
prestressing strand, 4,0, previously assumed to be 100 mm?, the experimental stress was
calculated and the corresponding stress-strain relationships were defined, as depicted in the
graph in Figure 7-3 and Figure 7-4 for un-corroded and corroded samples, respectively.

Analyzing the obtained stress-strain relationships, it was evident how, as the corrosion
level of prestressing strand samples increased, a significant decay in ultimate mechanical
properties in terms of both ultimate strength and ultimate strain occurred. In particular, the
hardening phase in the stress-strain relationships was no longer visible for high corrosion level,
resulting in a severe decay of ductility and the inevitable brittle failure of corroded prestressing
strands. For low corroded samples, a residual hardening phase characterized by reduced
ductility as well as reduced ultimate corroded strength, fou corexp, Was observed, resulting in a
residual plastic behaviour of corroded prestressing strands. Nevertheless, regardless of the
corrosion level of each tested sample, the elasticity modulus was marginally affected by

chloride-induced corrosion, as previously pointed out by Zhang et al. (2019).
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Figure 7-3 Experimental stress-strain relationships for un-corroded samples.
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Figure 7-4 Experimental stress-strain relationships for corroded samples.

Although the adopted displacement-control procedure allowed for the failure

sequences of the different corroded prestressing wires to be identified, as shown in Figure 7-5

by the subsequent drop-offs in the stress-strain relationship of sample PB9-1(426-496), the

conventional failure of each corroded strand is assumed to occur in correspondence with the

rupture of the most corroded wire, as stated by Jeon et al. (2019). This critical point coincides

with the first recorded drop in the stress-strain relationship of each analyzed strand and occurred
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at the section where the maximum longitudinal penetration depth, Puaxiong, Was measured
during the pitting morphology analysis — point 1 in Figure 7-5.

For the sake of completeness, Table 7-1 reports the experimental ultimate tensile force,
Tou,corr.exp, the experimental ultimate corroded strength, fpu correxp, as well as the experimental
ultimate corroded strain, &yu,correxp, €valuated at this conventional failure point. Since technical
issues occurred during the tensile testing of sample PB14-R(77-122), the corresponding
experimental outcomes are neglected in the following calculations and are not reported in Table

7-1.
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Figure 7-5 Focus on the failure sequence of sample PB9-1(426-496).

To validate the accuracy and faithfulness of the obtained results, the normalized values
of fou,corr.exp aNd Epu,corr,exp Were compared with experimental data coming from other research
activities available in the scientific literature. First, the new data were expressed as a function
of the strand mass loss, 77, and compared with the experimental outcomes belonging to the work
conducted by Lu et al. (2016), as highlighted in Figure 7-6. Second, considering the cross-
sectional loss of the most corroded wire, tmax, the same data were compared with the
experimental outcomes belonging to Jeon et al. (2020; 2019) works, as reported in Figure 7-7.

It is worth noting that fyucorrexp aNd €pu,correxp values were normalized by dividing for the un-
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corroded value of the ultimate strength, /.0, and ultimate strain, &.,0, respectively. These latter
parameters, which resulted equal to 1901.75 MPa (f,u,0) and 5.1% (&pu,0), were defined as the
mathematical average of the tensile tests outcomes of the four un-corroded samples shown in
Figure 7-3.

As attested by Figure 7-6 and Figure 7-7, the obtained experimental data were in good
agreement with the outcomes from other research activities. In detail, the decay trend of the
normalized ultimate corroded strength, fpu,corr,exp/fpu,0, as a function of both mass loss and cross-
sectional loss of the most corroded wire was well fitted by linear regression expressions having

R? values of 0.978 and 0.993, as expressed in Eq. 7-1 and Eq. 7-2, respectively.

fpu,corr,exp — 1 _ 282877 7-1
pu,0

fpu,corr,exp — 1_175448#max 7-2
pu,0

Conversely, a lower fitting of experimental data was observed when analyzing the
decay trend of the normalized ultimate corroded strain, &pu,correxp/€pu,0, Where exponential
expressions with R? values of 0.727 and 0.896 were derived, as expressed in Eq. 7-3 and Eq.
7-4 as a function of mass loss and cross-sectional loss variation, respectively. As a result, it can
be stated that — fixing the mass loss of a corroded strand or the cross-sectional loss of the most
corroded wire — the ultimate strain decay was remarkably higher than the ultimate strength
decay. The residual ductility of corroded strands was therefore found to be significantly
influenced by the corrosion process, being a key parameter governing the transition of the wire
failure mode from ductile to brittle. In fact, as previously highlighted in Figure 7-4, the stress-
strain relationship of highly corroded strands was characterized only by a linear-elastic phase,

whereas the slightly corroded ones showed a residual hardening phase.

0.0561

gpu,corr,exp — O 0933760.02366+77 7_3
gpu,O
_ 006538
8pu,carr,exp — O 089960.02715+,Ltmax 7_4
8pu,0
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Figure 7-6 Comparison of experimental data with outcomes available in scientific literature as a
function of strand mass loss: (a) ultimate corroded strength, and (b) ultimate corroded strain.
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Table 7-1 Tensile test outcomes in terms of ultimate tensile force, Ty correxp, Ultimate strength,
Joucorr,exp, and ultimate strain, €py cormexp. The reported data consider also the un-corroded samples.

Sample ID Tpfi:;riexp ﬁﬁ‘\’;‘;ﬁp gp"’i‘:r]r’exp Failure mode
PB9-L(12-82) 118.69 1186.90 0.0068 BRIT
PB9-L(426-496) 179.90 1799.00 0.0316 DUCT
PB9-R(15-60) 108.20 1082.00 0.0059 BRIT
PB9-R(428-473) 188.00 1880.00 0.0500 DUCT (un-corr.)
PB10-L(138-208) 166.70 1667.00 0.0107 DUCT
PB10-L(445-515) 94.40 944.03 0.0056 BRIT
PB10-R(32-102) - - - -
PB10-R(287-332) 69.60 696.00 0.0036 BRIT
PB11-L(5-75) 187.10 1871.00 0.0513 DUCT (un-corr.)
PB11-L(196-266) 151.60 1516.00 0.0082 BRIT
PB11-R(6-51) 164.20 1642.00 0.0095 BRIT
PB11-R(273-318) 138.70 1387.00 0.0075 BRIT
PB12-1,(12-82) 118.50 1185.00 0.0069 BRIT
PB12-L(124-169) 149.10 1491.00 0.0081 BRIT
PB12-R(100-170) 149.20 1492.00 0.0086 BRIT
PB12-R(358-403) 189.30 1893.00 0.0541 DUCT (un-corr.)
PB13-L(1-46) 156.20 1562.00 0.0103 DUCT
PB13-L(108-178) 86.10 861.00 0.0047 BRIT
PB13-R(0-70) 138.10 1381.00 0.0077 BRIT
PB13-R(70-115) 156.20 1562.00 0.0084 BRIT
PB14-L(10-55) 123.90 1239.00 0.0062 BRIT
PB14-L(455-500) 196.30 1963.00 0.0484 DUCT (un-corr.)
PB14-R(2-72) 145.20 1452.00 0.0080 BRIT

PB14-R(77-122) - - ) ]
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7.4 CPS-model: refined model for the prediction of the residual

stress-strain response of a corroded strand

By combining the experimental data on the residual mechanical properties of corroded

strands obtained from the tensile tests of the 18 corroded strands previously analyzed with the

Finite Element Analysis (FEA) results provided by Jeon et al. (2019), a refined constitutive

model was proposed for predicting the residual stress-strain response of a corroded strand,

updating the equivalent spring model proposed by Jeon et al. (2019). The main steps of the

proposed model, named CPS-model, which stands for “model for Corroded Prestressing

Strands,” were highlighted in the flowchart shown in Figure 7-8.

7.4.1 Basic assumptions

II.

In general, the CPS-model was developed on the following fundamental assumptions:
Input parameters: The CPS-model is able to reproduce the entire failure sequence of
a corroded strand by considering a different corrosion level for each wire. To this end,
the input parameters of the sectional model are the maximum penetration depth of the
corroded external wires and the preliminary visual classification of the pit type
morphology configuration for each external corroded wire, which is to be selected
between hemispherical (Type 1) — half-moon (Type 2) or planar (Type 3) shape,
respectively. In addition, the un-corroded mechanical properties of the analyzed strands
in terms of f,.,0, €pu,0 and Ep o as well as the un-corroded radius of the external, 7ouzer, and
internal, 7juner, Wires must be provided. Although the CPS-model also allows a corrosion
level to be attributed to the inner wire, from experimental evidence this latter parameter
1s assumed as un-corroded. Therefore, a maximum penetration depth of 0.0 was set for
the inner wire, Pinner. In this context, further experimental studies on naturally corroded
strands, showing corrosion damage of the inner wire, should be conducted to determine
appropriate correlations describing the pitting morphology variability and the decay
trend of the mechanical properties of the inner wire for different corrosion levels.
Equivalent spring model: The CPS-model predicts the residual mechanical response
of a corroded strand based on the equivalent spring model. As previously described in
the State-of-the-Art section (Chapter 3), the equivalent spring model reproduces the
overall response of a corroded strand as the sum of wire contributions, which are

assumed as springs acting in parallel with each other. According to Jeon et al. (2020),
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III.

IV.

VL

when a spring (wire) fails, a reduction of approximately 1/7 of the entire strand tensile
strength is expected because of the uniform stress distribution in each wire.
Conventional failure mode: Although the CPS-model allows the prediction of the
wires’ failure sequence, for a safe engineering assessment, the conventional failure of
the overall strand is assumed in correspondence of the failure of the most corroded wire
at the section where the maximum longitudinal penetration depth is measured, Pmax,iong.
If a refined analysis is needed, the CPS-model generates a series of drop-offs, each
reflecting the occurrence of a corroded wire rupture.

Pitting morphology: The CPS-model classifies pits according to the three pit type
morphology configurations introduced in Section 6.4.1 and denoted as hemispherical
(Type 1) — half-moon (Type 2) and planar (Type 3) shape, respectively. Once each
corroded pit in the section of analysis has been classified, the corresponding area loss
due to pitting, 4,,, is evaluated according to the expressions reported in Egs. 6-2 to 6-4.
Subsequently, the cross-sectional area loss of each wire, 4, is calculated by adopting Eq.
6-27.

Stress-strain behaviour: The CPS-model assumes a tri-linear relationship for
representing the stress-strain behaviour of un-corroded and slightly corroded wires,
according to the Ramberg-Osgood model, (Zhan et al., 2016). The tri-linear trend
consists of: (a) an elastic phase ranging from (0; 0) to (&,0; fpp,0), @ yielding phase from
(&pp,05 fop.0) 1O (€py,0; for0), and a hardening phase from (&y,0; fp1,0) tO (€pu,0; fpu0), as
reported in Eq. 7-5. Conversely, for intermediate and high corroded wires the tri-linear
trend is reduced to a bi-linear or a linear trend depending on the cross-sectional loss, u,
of the analyzed wire as described at point (VI).

Threshold limit of plastic behaviour: Analyzing tensile test outcomes in terms of
ultimate strain decay, the CPS-model defines a critical cross-sectional loss threshold,
tuim, — one for each of the three different assumed pit-type morphology configurations —
at which the hardening phase in the stress-strain relationship of a corroded wire no
longer develops. Therefore, for a cross-sectional loss of a corroded wire, 1, higher than
the critical value, wim, the hardening phase disappears, while the presence of the yielding
phase depends on the ultimate strength value, fpu,corr. If fpu.corr 1s higher than the stress at
the end of the elastic stage, f,y0, the yielding stage develops, and the stress-strain
relations of a corroded wire can be expressed by a bi-linear model. Otherwise, the stress-
strain response of the corroded wire is characterised by the presence of the elastic phase

alone. In detail, the elastic (E,o), yielding (E ,0), and hardening (E ,0) modulus are
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VIL

VIIL

IX.

assumed to be unaffected by corrosion and are set equal to their un-corroded values.
Therefore, starting from the estimated ultimate corroded strength of each wire, fyu corr,
evaluated according to point (VII), and considering the tri-linear trend introduced at
point (V) and (VI), the corresponding ultimate strain, &yu,corr, 1S estimated, as described
at point (VIII).

Ultimate corroded strength: The CPS-model evaluates the ultimate strength of each
corroded wire, fyucor, as a function of the corresponding cross-sectional loss, u. Once
again, different expressions for the ultimate strength decay were defined according to
the three different pit type morphology configurations considered.

Ultimate corroded strain: The CPS-model evaluates the ultimate strain, & corr, in
correspondence to the ultimate strength calculated as per point (VII) by adopting
exponential relationships — one for each of the three different pit-type morphology
configurations considered.

Wire-cross section: The CPS-model determines the tensile resistance of the entire
strand as the product of the ultimate corroded strength of each wire evaluated at point
(VII) times the corresponding un-corroded cross-sectional area. The effectiveness of the
proposed assumption is ensured by the prediction of the ultimate corroded strength of
each analyzed wire based on the corresponding cross-sectional loss. Indeed, the
geometrical effect related to the cross-section reduction induced by the corrosion

process is implicitly accounted.
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Figure 7-8 Flowchart of the main steps of the CPS-model.
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7.4.2 Stress-strain relationship for un-corroded wires

As previously stated in Section 7.4.1 point (V), the stress-strain response of an un-

corroded wire was defined by adopting a tri-linear trend that simplified the relationship

proposed by Ramberg-Osgood, as expressed in Eq. 7-5 and illustrated in Figure 7-9:

o (€)=

<
¢Ep0 E3Eppo
' - <
pp0EpotEpo (‘9 gpp,O) Epp0 SE=Epy0
. ; 7-5
_ _ <
Epp0EpotEpo (gpy,o Epp.O) +tEp0 (‘g gpy,O) Epy,0 SESEpup
0 &> gplho

where oy,(¢) represents the wire stress for a given strain, g; whereas &p.,0, fu,0and Ep o are the un-

corroded mechanical properties previously determined as the average values of the tensile test

outcomes conducted on the four un-corroded samples, resulting equal to 5.1%, 1901.75 MPa,

and 195 GPa, respectively. Furthermore, according to Eq. 7-6 and Eq. 7-7, a yielding (E ,,0) and

a hardening (E ,,0) modulus of 109 GPa and 5.47 GPa were estimated.

_ fpy,O B fpp,O

E,, 7-6
Ep0 "m0
" fpu,O _fpy,O
E =22t =t 7-7
gpu,O - gpy,O

e O'
1 @ Proportional limit:
Hardening phase
f \ e fpp,o = strength in correspondence of proportional limit
pu,0 £ _ I . I
. fpy . e - E”p,O : pp,0 = strain in correspondence of proportional limit
= ’ 1 . . ...
S Fono A\ | © Yielding point:
- ¢ ’
2 o Ep,O : fpy,o = yielding strength
<) _—_ 1
s Yielding phase 1 €py,0 = yielding strain
o
5 e Failure point:
AE\ Elastic phase fpu,O = ultimate strength
p,0
- Epu,o = ultimate strain
0 €, o€ € €

pp,0 “py,0 pu,0

Figure 7-9 Focus on the tri-linear response of the un-corroded wire.
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As highlighted in Figure 7-9, three different phases can be identified:

* An elastic phase, that ranges between the origin of the stress-strain relationship,
denoted by the initial coordinates (0; 0), and the proportional limit (€,0; fpp.0);

» A yielding phase, which runs from the proportional limit (gyp,0; fpp,0) to the yielding
point (&py,0; fp.0);

* A hardening phase, that ranges between the yielding point (&py,0; f»v,0) and the failure
point (&pu,0; fpu,0)-

According to the Probabilistic Model Code, (JCSS, 2001), the strength in
correspondence to the proportional limit, f,,0, was established as 0.7 times the un-corroded
ultimate strength, f,,,0, as expressed in Eq. 7-8. The corresponding ultimate strain, &0, on the
contrary, was calculated as the ratio between the strength in correspondence to the proportional
limit, f,p,0, and the un-corroded elasticity modulus, £, 0, as reported in Eq. 7-9. Based on the
previously calculated un-corroded ultimate mechanical properties values, the strength and the

strain in correspondence to the proportional limit were 1331.22 MPa and 0.665%, respectively.

f:UP,O = 07JppuO 7-8
e — fpp,O — O‘7fpu,0 7 9
,0 -
pp Ep,o Ep,()

Finally, considering the yielding phase, the yielding point was defined in accordance
with the Probabilistic Model Code, (JCSS, 2001). The yielding strain, &,,0, was fixed to 1% and
the yielding strength, f,,,0, was assumed to be 0.882 times the un-corroded ultimate strength,
Jpu0, as highlighted in Eq. 7-10. It is worth noting that the JCSS defines the yielding strength of
a prestressing wire as 0.85 times its ultimate strength, f,.,0; however, — in the present research
— this latter factor was updated to a value of 0.882 based on the experimental tensile test

outcomes.

S0 =0.8821,,¢ 7-10
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7.4.3 Stress-strain relationship for corroded wires

Once the general behaviour of the un-corroded wire was defined, the prediction of the
residual stress-strain response of a corroded wire was evaluated as a function of two main
parameters: (i) the critical cross-sectional loss, uim, and (ii) the ultimate corroded strain, &y, corr,
of the analyzed wire, as expressed in Eq. 7-11.

<
eEpo  ESeppg

' - <
€pp,0Ep,0 T Ep o (“’ gpp,O) Epp,0 <E=Epy0
H < Hiim . "
Epp,0Ep,0 tEp o (5py,0 ~Epp.0 ) +Epo (5 - gpy,O) Epy,0 <ESEpucorr
O &> gpM,COVV

o, (€)= ¢Ep £<Ep0

£pp0Ep 0 Epo(e=pp0)  Epp0<ESEpucon
HZ Mim 0 &> Epy.corr

ng,O &< € pu,corr

0 &> 8])”,00}’7‘

7-11

The critical cross-sectional loss threshold value, win, which marks the brittle failure of
a corroded wire, varied depending on the configuration of the pit type morphology considered
and was established from the analysis of the ultimate corroded strain decay expressed as a
function of the cross-sectional loss of the most corroded wire, umax. To this end, the tested
corroded strands were first divided into samples showing a brittle (BRIT) or a ductile (DUCT)
behaviour at failure, as reported in Table 7-1. Second, the maximum longitudinal penetration
depth, Puaxiong, was identified using the GOM Inspect software and the maximum pit was
assigned to one of the three adopted morphological configurations. Once the area loss due to
pitting, 4,, was measured based on the selected pit shape, the cross-sectional loss of the most
corroded wire, tmax, was then determined. Finally, by combining the experimental values of the
ultimate corroded strain, &pu,correxp, belonging to the present research and the data coming from
Jeon et al. (2019) study, three different decay trends of &, o Were established as a function of
the cross-sectional loss of the most corroded wire — one for each pit type morphology

configuration taken into account, as shown in Figure 7-10 in terms of &pu,cor/€pu0-
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Figure 7-10 Ultimate strain decay as a function of the cross-sectional loss of the most corroded wire:
(a) pit type configuration 1, (b) pit type configuration 2 and (c) pit type configuration 3.
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For each pit type morphology configuration, the ultimate strain decay was discretized
by adopting two different exponential trends, determined by distinguishing between BRIT
(elastic behaviour) and DUCT (plastic behaviour) samples. In general, the first branch
highlighted a strong ultimate strain decay for low cross-sectional losses, x«. On the contrary, the
second branch revealed that the ultimate strain decreased less sharply with the increase in cross-
sectional loss, as also noticed by Wang et al. (2020). In detail, the critical cross-sectional loss
threshold, wuim, was evaluated at the intersection point of the two exponential trends, the red
cross in Figure 7-10, resulting equivalent to 8.1%, 10.7% and 5.4% for pit morphology
configuration Type 1, Type 2, and Type 3, respectively.

The ultimate corroded strain, &yu,corr, Was calculated through Eq. 7-12:

Spucor = Fpro

H<Him EpyoTt fpy,O < fpu,corr < fpu,O

E p,0
S oucomr = Fpp.o
J pu,corr D,
gpu,corr = gpp,O + 1 fpp,O < fpu,corr < fpy,O 7-12
p,0
HZ fiy
/,
pu,corr
E 0 fpu,corr < fpp,O
ps

where 1 and win are the actual and the critical cross-sectional loss threshold of the analyzed
wire, while £, cor- 18 the ultimate corroded strength of the corroded wire. Similarly to &,y corr, the
decay of the normalized ultimate strength, £, cor/fpu,0, Was evaluated as a function of the cross-
sectional loss of the most corroded wire, pmax. As shown in Figure 7-11, three different
exponential trends were determined by adapting the available experimental data and by
modifying the expressions originally proposed by Jeon et al. (2019). The main changes
consisted of: (1) modifying the data fitting trend from linear to exponential, and (i1) assuming a
predefined value of the ratio fyu,cor/fpu0 set equal to 1.0 for the un-corroded scenario, i.e. for a
cross-sectional loss of 0.0. As a result, the ultimate corroded strength, f,u cor-, Was evaluated

according to Eq. 7-13, Eq. 7-14, and Eq. 7-15 for pit type configuration 1, 2, and 3, respectively.

_ LS8y,

]ppu,corr - ]Fpu,O e 7-13
_ o o137  teg

];u,corr - ]Fpu,O e 7-14
_ 103y,

~fpu,corr - ]Fpu70 e 7-15
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Figure 7-11 Ultimate strength decay as a function of the cross-sectional loss of the most corroded
wire: (a) pit type configuration 1, (b) pit type configuration 2 and (c) pit type configuration 3.
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Once the wire contributions were individually estimated by adopting the procedure
described in Sections 7.4.2 and 7.4.3 in the case of un-corroded or corroded wires, the
equivalent spring model was finally adopted according to Eq. 7-16 to predict the overall

response of the investigated corroded prestressing strand, as in Figure 7-12:

( ) ixo-w,i (8) A‘W,outer,o ) + Uw’i (8) AWJ”””@ ixo-w,i (8) AW,auter,O ) + O-w,i (8) AW,inner,O
oleg)=5 _ iz
aAw,outer,O ) + Aw’inngr’o Ap,O

i=1

7-16

where o(¢) represents the strand stress for a given strain, &, whereas oy is the stress of the i
wire composing the strand. Moreover, Ayw,outer,0 and A, inner,0 are the un-corroded cross-sectional
areas of external and internal wire, respectively, while A, is the un-corroded cross-sectional

area of the entire strand.

. A
Behaviour of o Behaviour of a single wire
a strand
Un-corroded
P | ”
,,,,,,,,,,,,,,,, ‘ E',
""""" = —
JE, £ po| Corroded
i é f;.Jy,O <f;‘)u,corr <];)u,0
; AEpRO
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M M

];m, corr <f;‘7p,0

Figure 7-12 Changing of the stress-strain relationship of a corroded wire for different corrosion levels.
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7.4.4 Model validation

Considering the cross-sectional losses of each corroded wire reported in Appendix A.4
— evaluated within the section where the maximum longitudinal penetration depth was
measured —, the analytical stress-strain relationships of un-corroded and corroded strands were

established by adopting the CPS-model, as reported in Figure 7-13 and Figure 7-14,

respectively.
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Figure 7-13 Comparison between experimental and analytical predictions (CPS-model) of stress-strain
relationships of un-corroded strands.
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Figure 7-14 Comparison between experimental and analytical predictions (CPS-model) of stress-strain
relationships of corroded strands.

Based on the obtained results, it is clear how the CPS-model can allow refined
prediction of the stress-strain relationship of un-corroded and corroded strands. As previously
mentioned, the conventional failure mode of the proposed model was assumed to correspond
to the failure of the most corroded wire, which consisted in the first recorded drop in the
corresponding stress-strain relationship. When comparing the experimental outcomes with the
analytical predictions — reported in Figure 7-13 and Figure 7-14 — a significant correspondence
in terms of both ultimate corroded strength and ultimate corroded strain was revealed for each
investigated sample, with the exception of samples PB9-R(15-60), PB13-L(1-46), and PB13-
L(108-178). In the case of samples PB9-R(15-60) and PB13-L(1-46), it was registered a slight
(safer) underestimation of the ultimate corroded strength, while a significant overestimation of
both ultimate corroded strength and strain was recorded for sample PB13-L(108-178), probably
induced by a previous underestimation of the measured maximum penetration depth. For the
sake of completeness, the predicted ultimate corroded strength, fpu,corr.an1, and ultimate corroded
strain, &pu,corran1, Obtained for each investigated sample by adopting the CPS-model were
reported in Table 7-3.

Furthermore, as previously stated, the CPS-model was able to reproduce the wires’
failure sequence of the investigated corroded strands, as highlighted by the several drops visible
for each stress-strain relationship in Figure 7-14. To be noted that the failure sequence is strictly
dependent on the number of corroded wires and, since the CPS-model is a sectional model, it
only reproduces the failure sequence of the wires at the section where the maximum penetration
depth was measured. However, it frequently happened that the wire failures, occurring after the

rupture of the most corroded wire, took place in different sections with respect to the section

7-30



Definition of constitutive laws for corroded strands

where the maximum penetration depth was measured. Therefore, the failure sequence —
predicted by using the CPS model — turned out to be theoretical and generally different from
the experimental one, unless it is ensured that the remaining external wires in the analyzed
section are characterized by the maximum penetration depths measured along their entire
sample length. To confirm the previous considerations, the failure sequence of sample PB9-
L(12-82), reported in Figure 7-15, was analyzed in depth. A good correspondence was observed
between experimental and analytical prediction of the most corroded wire rupture. Since the
second and the third wire ruptures occurred in different sections than in the one in which the
maximum pit was measured, the experimental and analytical stress-strain relationships tended
to be no longer overlapping. This issue is particularly relevant in the analysis of prestressing
reinforcements due to the presence of multiple wires, whereas it is negligible in the evaluation
of ordinary reinforcements. Indeed, for ordinary rebars, the maximum penetration depth and
the maximum cross-sectional loss always take place in the same region, which is also where
the reinforcement failure is most prone to occur. Therefore, considering a sectional analysis,
the CPS-model was discovered to be able to reproduce the failure sequence of all the corroded
wires composing the strand once their cross-sectional loss was known. However, when the
experimental tensile test outcomes were compared to the analytical predictions, the stress-strain
responses obtained by adopting the CPS-model tended to differ from the real ones after the
rupture of the most corroded wire due to the longitudinal variability of the pitting morphology
of the external wires. This experimental evidence confirmed the assumption of selecting the
rupture of the most corroded wire as the conventional failure mode of the overall prestressing
strand. As a result, although the corroded strand may show higher residual ultimate strength
and ductility due to the contribution of the remaining wires, the CPS-model allows engineers
to make accurate and reliable predictions of the residual mechanical properties to be adopted
for the in-situ assessment of corroded PC structural members. Moreover, Figure 7-14
graphically demonstrates the improvement provided by the application of the CPS-model in the
prediction of the residual stress-strain relationship of a corroded strand over the use of Jeon et

al. (2019) constitutive law proposal.
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Figure 7-15 Comparison of failure sequence for corroded strands evaluated from tensile test outcomes
and predicted by adopting the CPS-model — sample PB9-L(12-82).
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To further validate the CPS-model, the proposed procedure was adopted to compare
the experimental tensile test outcomes and the analytical predictions of corroded prestressing
strands coming from other research activities available in scientific literature. In detail, a total
of 15 samples (1 un-corroded and 14 corroded) belonging to the experimental works conducted
by Jeon et al. (2019) and Giriraju et al. (2022) were additionally analyzed. For the sake of
completeness, the experimental ultimate corroded strength, f,u,corr,exp, and the ultimate corroded
strain, &pucorrexp, Of the investigated samples are reported in Table 7-2; while the comparison
between experimental tensile test outcomes and the CPS-model analytical predictions are
shown in Figure 7-16 and Figure 7-17 for Jeon et al. (2019) and Giriraju et al. (2022) samples,
respectively.

Based on the obtained results, accurate or slightly safer predictions were achieved
through the application of the CPS-model. Nevertheless, a modest overestimation of the
experimental stress-strain response was noted for samples CS8 and CS10. Once again, the
improvements made by adopting the CPS-model over Jeon et al. (2019) proposal for the
prediction of the residual stress-strain relationship of corroded strands are highlighted in Figure
7-16. Although the CPS-model provided similar predictions to those of Jeon et al. (2019) for
high corroded strands — for example samples CS3, CS4, CS7 and CS9 — it led to a marked
improvement in the prediction of the residual mechanical response of intermediate or low

corroded strands, such as CS1, CS2, CS6, CS11 and CS12.
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Table 7-2 Tensile test outcomes in terms of ultimate strength, f,., corexp, and ultimate strain, uu corr,exp, Of
un-corroded and corroded samples belonging to Jeon et al. (2019) and Giriraju et al. (2022)
experimental activities.

pu,corr,exp Epu,corr,exp

Sample ID f[MPa] [l

CS1 1857.53 0.0655
CS2 1880.82 0.0694
CS3 1691.42 0.0158
CS4 1668.31 0.0128
CS5s 1580.56 0.0097
CSeé 1729.03 0.0200
CS7 1739.79 0.0189
CS8 1890.17 0.0383
CS9 1670.72 0.0108
CS10 1844.79 0.0435
CS11 1897.91 0.0563
CS12 1919.07 0.0639
NC-1 1968.10 0.0681
C-1 1710.40 0.0068
C-2 969.90 0.0067
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Figure 7-16 Comparison between experimental and analytical predictions for un-corroded and
corroded strands belonging to Jeon et al (2019) work.
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Figure 7-17 Comparison between experimental and analytical predictions for un-corroded and
corroded strands belonging to Giriraju et al. (2022) work.

To determine the CPS-model performance, a statistical analysis of the 37 analyzed
samples was conducted by investigating the normalized ratio between the experimental
outcomes and the analytical predictions in the form fyu correxp/fpu,corrant and Epu,corr,exp/Epu,corr,ant,
as reported in Table 7-3. Despite a relevant degree of agreement between experimental data and
analytical predictions in the case of ultimate corroded strength, a grater scatter in the ultimate
corroded strain was noted. Nevertheless, the CPS-model predictions were commonly observed
to be conservative, thus providing a margin of safety in the evaluation of the residual
mechanical behaviour of corroded prestressing strands — as confirmed by the mean values of
ultimate corroded strength and strain ratio, foucorrexp/fpu,corrant @A Epu,corr,exp/Epucorr.an1, Which
were found to be 1.02 and 1.06, respectively.

Furthermore, the accuracy and the effectiveness of the CPS-model were confirmed
through the estimation of the Coefficient of Correlation, CoC, and the calculation of the
Coefficient of Variation, CV, which was assessed as reported in Eq. 7-17. CoC is a statistical
parameter commonly adopted to evaluate the degree of correlation of two data sets, expressed

by a linear relationship. In fact, CoC values equal to 1.0 denote a perfect correlation, i.e. a direct
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relationship, of the two analyzed variables or data sets; whereas CoC values close to 0.0
represents the absence of relationship between the analyzed data. Adopting the CPS-model,
CoC values equal to 0.92 and 0.98 were respectively obtained from the investigation of ultimate
corroded strength and ultimate corroded strain ratios, resulting in a strong correlation between
experimental outcomes and analytical predictions. CV is a parameter — expressed in percentage
(%) — defined as the ratio between the standard deviation and the average value (mean) of the
analyzed data, as in Eq. 7-17, indicating the accuracy of a statistical estimation. In particular,
for decreasing CV values tending to 0.0, more precise predictions are obtained. For the CPS-
model predictions, CV values of 9.52% and 20.01% were calculated for the ultimate corroded

strength and the ultimate corroded strain ratios, respectively.

_ Standard Deviation .
Mean Value

Finally, it is important to emphasize that the CPS-model validation was conducted by

cr 100 7-17

considering all of the experimental tensile tests outcomes available in scientific literature, which
provide the necessary input parameters for the application of the proposed model, i.e. cross-
sectional loss (umax) and pit type morphology configuration (Type 1, Type 2 or Type 3) of the
most corroded wire. Therefore, to further validate the CPS-model, additional tensile tests on
corroded prestressing strands are strongly recommended. Indeed, new experimental data would
be fundamental to improve the proposed regression relationships and, as a result, to improve

and refine the conducted statistical analysis.

7-38



Definition of constitutive laws for corroded strands

Table 7-3 CPS-model predictions in terms of ultimate strength, f,., coran1, Ultimate strain, pu corr,ant,
normalized strength, fu, corr,exp/fou,corr.an1, and normalized strain, €pu,corr,exp/Epucorr.ant. The reported data
consider also the un-corroded samples.

Sample ID ﬁi;jlolr::iu 8pu,c['¢:]r,an1 ﬂu,corr,ex];{j](im,corr,anl Spu,corr,exlii;:pu,corr,anl
PB9-L(12-82) 1282.90 0.0066 0.93 1.03
PB9-L.(426-496) 1795.90 0.0317 1.00 1.00
PB9-R(15-60) 924.90 0.0047 1.17 1.26
PB9-R(428-473) 1901.75 0.0515 0.99 0.97
PB10-L(138-208) 1698.40 0.0105 0.98 1.02
PB10-L(445-515) 1024.30 0.0053 0.92 1.06
PB10-R(32-102) - - - -
PB10-R(287-332) 745.90 0.0038 0.94 0.95
PB11-L(5-75) 1901.75 0.0515 0.98 1.00
PB11-L(196-266) 1401.40 0.0075 1.08 1.09
PB11-R(6-51) 1578.50 0.0092 1.04 1.03
PB11-R(273-318) 1470.70 0.0082 0.94 0.91
PB12-L(12-82) 1143.70 0.0059 1.04 1.17
PB12-L(124-169) 1470.30 0.0082 1.01 0.99
PB12-R(100-170) 1615.10 0.0095 0.92 0.91
PB12-R(358-403) 1901.75 0.0515 1.00 1.05
PB13-L(1-46) 1382.80 0.0073 1.13 1.41
PB13-L(108-178) 1322.70 0.0068 0.65 0.69
PB13-R(0-70) 1302.80 0.0068 1.06 1.13
PB13-R(70-115) 1526.40 0.0087 1.02 0.97
PB14-L(10-55) 1093.90 0.0056 1.13 1.11
PB14-L.(455-500) 1901.75 0.0515 1.03 0.94
PB14-R(2-72) 1466.00 0.0082 0.99 0.98
PB14-R(77-122) - - - -
NC-1 1968.10 0.068 1.00 1.00
C-1 1380.87 0.0072 1.24 0.94
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C-2 1013.88 0.0052 0.96 1.29
CS1 1822.59 0.0625 1.02 1.05
CS2 1844.68 0.0690 1.02 1.01
CS3 1394.02 0.0076 1.21 2.07
Cs4 1394.04 0.0076 1.20 1.68
CS5 1634.41 0.0099 0.97 0.98
CSé6 1687.00 0.0224 1.02 0.89
CS7 1676.31 0.0109 1.04 1.74
CS8 1791.36 0.0532 1.06 0.72
CS9 1582.39 0.0094 1.06 1.15
CS10 1788.31 0.0523 1.03 0.83
CS11 1794.15 0.0540 1.06 1.04
CS12 1791.36 0.0532 1.07 1.20
Mean Value: 1.02 1.06

Standard Deviation: 0.10 0.21

CoC [-]: 0.92 0.98

CV [%]: 9.53 20.01

*Samples CS3 was neglected in the statistical analysis since considered as an outlier.
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7.4.5 Main observations

In the present section, a constitutive law, named CPS-model, was proposed for
prestressing strands subjected to chloride-induced corrosion, upgrading the equivalent spring
model previously provided by Jeon et al. (2019). To this aim, the regression trends for the
prediction of the ultimate corroded strength and the ultimate corroded strain of corroded
prestressing strands were revised by considering the tensile test outcomes coming from the
analysis of the available samples. In particular, the main input parameters of the proposed
model, which are the cross-sectional losses and the pit type morphology configurations
classification of the wires composing the strand in the section where the maximum penetration
depth was recorded, were derived from the pitting morphology spatial variability previously
conducted.

As a result, the main outcomes concerning the application of the proposed CPS-model
can be summarized as follows:

¢ The faithfulness of the obtained tensile test outcomes was confirmed by comparing
the results with a database collecting tensile test data available in the scientific
literature in terms of ultimate strength and ultimate strain as a function of two
different corrosion parameters, i.e. the mass-loss of a corroded strand and the cross-
sectional loss of the most corroded wire. The results revealed a good agreement
between the new experimental data and tensile test findings from earlier studies.

*» The stress-strain behaviour of an un-corroded prestressing strand was reproduced by
a three-linear trend, established on the basis of the Ramberg-Osgood model.
Specifically, the ultimate mechanical properties in terms of €pu,0, fpu,0 and Epo were
defined as the mathematical average of the four tensile tests performed on un-
corroded strand samples; whereas the elastic, yielding and hardening phase boundary
limits, i.e. the points (€x,0; fpp,0) and (&py.0; for0), were evaluated according to the
Probabilistic Model Code provisions, (JCSS, 2001).

+ Based on the experimental tensile test outcomes, ultimate strength and ultimate strain
decays were evaluated as a function of the cross-sectional loss of the most corroded
wire, combining the new experimental data and the experimental results coming from
Jeon et al. (2019) research activity. Therefore, by distinguishing between three
different pit type morphology configurations, denoted as Type 1, Type 2, and Type
3, new exponential relationships were proposed for the assessment of the ultimate

strength and the ultimate strain — one for each morphology type considered.
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Thereafter, a critical cross-sectional loss threshold, wim, which limited the
development of the hardening phase in the stress-strain relationship and denotes the
failure mode change from ductile to brittle of the analyzed corroded wire was
established. The i resulted equal to 8.1%, 10.7% and 5.4% for Type 1 — Type 2,
and Type 3 pit morphology configuration, respectively.

Considering the updated expressions for the evaluation of the ultimate corroded
strength and the ultimate corroded strain, as well as the established win values, the
constitutive law for the prediction of the residual stress-strain relationship of a
corroded prestressing strand was proposed. As described in the section on basic
assumptions, the CPS-model is based on the equivalent spring approach, which
defines the response of the overall strand as the sum of the wire contributions
behaving as springs working in parallel with each other. In detail, the most relevant
features of the proposed model are: (i) the conventional failure mode of a corroded
strand — assumed to be governed by the rupture of the most corroded wire in the
section where the maximum penetration depth was measured — and (ii) the model’s
ability to reproduce the wires’ failure sequence.

Finally, the effectiveness and accuracy of the proposed model were verified by
comparing the experimental tensile test outcomes with the analytical stress-strain
predictions for a total of 37 available prestressing strands coming from the present
research (22 samples) and from the experimental activities conducted by Jeon et al.
(2019) (12 samples) and Giriraju et al. (2022) (3 samples). Based on the obtained
results, the application of the CPS-model allowed the prediction of the residual
stress-strain relationship. In addition, the good matching between experimental data
and analytical predictions was confirmed by the statistical analysis conducted on the
overall set of available samples in terms of ultimate corroded strength,
Joucorr.exp/fpu,corrant, and ultimate corroded strain,  &pu,correxp/Epu,corr.ant, ratios.
Furthermore, the accuracy of the proposed CPS-model compared to the adoption of

Jeon et al. (2019) proposal is graphically depicted in Figure 7-14 and Figure 7-16.
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Although the CPS-model should be considered as an important step forward for the

refined prediction of the residual mechanical response of a corroded prestressing strand, there

are several drawbacks and limitations that call for further investigation:

¢ First, an operational procedure for in-situ sampling and measuring of the main

X/
L X4

corrosion parameters of corroded wires should be established in order to
operationally apply the proposed model to in service degraded PC members. In this
regard, the scientific literature indicated possible non-destructive techniques to be
applied for the measurement of corrosion parameters directly during in-situ
inspections. Yoo et al. (2020), for example, stated that radiography, X-rays,
endoscopic inspection, or magnetic field methods could all be adopted to properly
identify prestressing strands defects along the overall length of a PC element and to
evaluate the location of the most corroded section. In addition, Wang et al. (2020)
identified other possible non-destructive techniques for the evaluation of the strand
unit cross-sectional loss, such as the acoustic emission method, the half-cell
potential, or the linear polarization resistance. Once the minimum cross-sectional
loss is known, a local removal of the concrete cover thickness would allow the
evaluation of the main corrosion parameters of the corroded wires composing the
strand in the section where the maximum longitudinal penetration depth, Puax iong,
has been identified. In this context, advancements in miniaturized laser scanning
techniques are welcomed for this purpose, as well as to limit concrete cover removal
around the detected defect with digital measurement of corrosion parameters other
than the estimation of the outer radius of external wires, thereby avoiding gross errors
due to the operator’s measuring activity. Non-destructive methods, however, are not
the main focus of the present research and will not be discussed further.

Second, since the CPS-model is based on the actual evaluation of pit type
morphology configurations as well as the accurate measurement of the cross-
sectional loss of the several corroded wires in the section where Puaxiong Was
measured, the model application can be severely limited in everyday engineering
practice. To overcome this issue, a simplified version of the CPS-model is introduced
in the next section, called SCPS-model, which stands for “Simplified model for
Corroded Prestressing Strands”. The simplified version will be based on a single
input parameter, namely the maximum penetration depth of the most corroded wire,
which can be easily measured during in-situ inspection. In fact, once the most

corroded section is known, the maximum penetration depth can be measured directly
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by means of technical instrumentation such as a pit depth gauge or a portable laser
scanner, without performing destructive tests on the existing structural elements.
This is especially true since the most corroded wire is generally located in the outer
part of the prestressing strand embedded in concrete, which is more exposed to the
chloride ion attack induced by the diffusion process of external agents. Therefore,
following the concrete cover removal in the region of interest, the maximum
penetration depth of the most corroded wire — the only input parameter — can be
measured through a time-saving in-situ procedure.

Third, the CPS-model is limited to the prediction of the residual mechanical response
of a single corroded prestressing strand. Further efforts should be devoted into
developing a simplified model capable of estimating the residual mechanical
properties of multiple corroded strands characterized by different corrosion levels.
Indeed, in the case of existing structures, such as bridges or tanks, several
prestressing strands are generally present in the same section, providing a key
contribution in the load-carrying capacity of the structural member. Therefore, it is
necessary to provide a useful simplified analytical model that accurately estimates
the residual mechanical response of the investigated structural member without
leading to overly conservative predictions based on the estimate residual mechanical

response of a single corroded strand.
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7.5 Simplified model for the daily engineering practice: the SCPS-

model

Although the CPS-model proved to be a powerful tool for the prediction of the residual
stress-strain relationship of a corroded strand to be applied for refined analyses, disadvantages
mainly related to the number of corrosion parameters involved and the need to visually classify
the pit type morphology of each corroded wire were highlighted. Therefore, despite the high
efficiency shown by the CPS-model, its application in the daily engineering practice may be
hindered due to the time-consuming procedure to be conducted in rapid in-situ inspections. To
overcome these technical issues, a simplified version of the proposed CPS-model, named
SCPS-model, was defined. The SCPS-model was designed to provide accurate and conservative
predictions of the residual mechanical response of corroded strands. To this end, the new
version has been based on a single input parameter, namely the maximum penetration depth of
the most corroded wire, and it has been developed to be independent from: (i) the pit type
morphology classification and (ii) the evaluation of corrosion parameters such as the mass loss,
n, of a corroded strand or the cross-sectional loss, x, of corroded wires.

Hereafter, the basic assumptions and the main simplifications adopted with respect to
the CPS-model are discussed in more detail; moreover, the SCPS-model is validated using the
experimental tensile test outcomes coming from the present research — previously introduced

in Section 7.3 — and the experimental activity conducted by Jeon et al. (2019).

7.5.1 Basic assumptions

For the sake of clarity, Figure 7-18 flowchart compares the main steps of the SCPS-
model with those of the previously analyzed CPS-model. In detail, the SCPS-model was
designed on the following basic assumptions:

I.  Input parameters: Unlike the CPS-model, the input parameter of the SCPS-model is
unique and consists of the maximum penetration depth of the most corroded wire at the
section of analysis, Pmaxsecionar. Similar to the CPS-model, however, the SCPS-model
neglects the friction behaviour between wires. Additionally, the wires failure sequence
is reproduced by attributing an average penetration depth, Pay,sansv, to the remaining
external wires, which is estimated as a function of both Py sectionar and the transversal

pitting factor, €;, through Eq. 6-20.
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II.

III.

IV.

VL

Equivalent spring model: Both the CPS and SCPS models assume the equivalent
spring approach for predicting the residual mechanical response of the entire corroded
strand. In detail, the spring contribution that reproduces the behaviour of the most
corroded wire is governed by Puax secrional; Whereas the five contributions associated to
the remaining external wires behave similarly and their stress-strain relationship is
determined by Pay,sansv. Like in the CPS-model, due to the absence of corrosion signs,
the inner wire is assumed as un-corroded and characterized by a Pinserequal to 0.0.
Conventional failure mode: As with the CPS-model, the conventional failure mode of
the entire strand is assumed to occur in correspondence to the rupture of the most
corroded wire. However, in the case of more refined analyses, the SCPS-model is also
able to reproduce the failure sequence of all the wires composing the strand. The main
simplification consists in assuming all the external wires, except for the most corroded
one, having the same corrosion level, estimated as a function of the single input
parameter of the SCPS-model, which is Piax,secrionar. For the application of the proposed
model in the daily engineering practice, simplified expressions have been defined for
the accurate and time-saving assessment of the residual mechanical response of a
corroded strand.

Pitting morphology: In contrast to the CPS-model, the SCPS-model remains
independent from the classification of pits. Moreover, the SCPS-model is independent
from corrosion parameter calculations such as the mass loss of a corroded strand or the
cross-sectional losses of corroded wires. The simplified model 1s designed to be
dependent only on the maximum penetration depth of the most corroded wire and pitting
morphology outcomes are introduced in the form of transversal pitting factor to assign
an average penetration depth to the remaining external wires.

Stress-strain behaviour: Both CPS and SCPS models assume a tri-linear relationship
for representing the stress-strain behaviour of un-corroded and low corroded wires,
according to the Ramberg-Osgood model, (Zhan et al., 2016). The tri-linear trend
consists of: (a) an elastic phase ranging from (0; 0) to (&pp,0; fpp.0), a yielding phase from
(&pp,05 fop,0) 1O (€py,0; for0) and a hardening phase from (&p,0; f5r,0) O (€pu,0; fpu0). By
contrast, for intermediate and high corroded wires the tri-linear trend reduces to a bi-
linear or even a linear trend as a function of the normalized value of maximum
penetration depth, Ppax sectional/Touter, O the analyzed wire as described in point (VII).
Threshold limit of plastic behaviour: Differently from the CPS-model, which limits

the development of the hardening phase — in the stress-strain relationship of a corroded
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VIL

VIIL

IX.

wire — to the achievement of the critical cross-sectional loss threshold, yiim, the SCPS-
model prevents the development of the hardening phase for a normalized critical
threshold value of the maximum penetration depth, Ppax sectional/Fouter, €qual to 0.33, that
corresponds to approximately 1/6 of the un-corroded wire diameter, @outer.

Ultimate corroded strength: The SCPS-model evaluates the ultimate corroded
strength, fpu corr, 1n correspondence to the ultimate corroded strain, &y, corr, €valuated as
shown in point (VIII).

Ultimate corroded strain: In contrast to the CPS-model, the SCPS-model estimates
the ultimate corroded strain decay via a bi-linear relationship expressed as a function of
Prax sectional/Tourer.  According to the SCPS-model assumptions, the stress-strain
relationship of corroded and un-corroded wires is equivalent; the only difference lies in
the cut-off point, established at the achievement of the previously determined ultimate
corroded strain, &u,cor- In particular, for low corroded wires having Pax secrional/Fouter
values lower than 0.33 (critical threshold value), a tri-linear stress-strain relationship
with a reduced hardening phase is adopted. Conversely, a bi-linear relationship is
assumed for intermediate corroded wires having Puax sectional/Tourer Values ranging
between 0.33 and 0.86; whereas, for the high corroded ones with Puax sectionat/Vourer values
between 0.86 and 2.00, a linear relationship is adopted. The scenario of a complete
deterioration of the external wire occurs for the upper boundary limit with a
Prax sectional/Tourer value of 2.00, which corresponds to the entire deterioration of the wire
diameter, gouter.

Wire-cross section: Unlike the CPS-model, which calculates the tensile resistance of a
corroded strand by multiplying the ultimate corroded strength by the un-corroded cross-
sectional area of the wire, the SCPS-model considers the residual cross-section of the
corroded wire, Ay, ourer,corr- In fact, as stated in point (VII), the SCPS-model predicts the
ultimate corroded strength, while the cross-sectional area reduction is estimated by

adopting a bi-linear decay relationship dependent on P sectionat/Vouter-
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Figure 7-18 Flowchart of the main steps of the SCPS-model in comparison with the CPS-model.
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7.5.2 Main simplifications

The SCPS-model is a simplified sectional model designed to depend on a single input
parameter, Paxsecrional. As previously pointed out, this corrosion parameter can be easily
measured during in-situ inspection and results independent from the morphological
classification of the pit type. In addition, the measurement of Puaxsecrionat dO€s not require
destructive testing on in service structural elements, with the only exception of the local
removal of concrete cover in proximity to the section of analysis. Given the chloride ion
diffusion process, the highest corrosion level of prestressing reinforcements embedded in
concrete generally occurs in their outer region and, indeed, can be observed in-situ by adopting
non-destructive techniques. After determining the critical section, the maximum penetration
depth can be measured by adopting technical instruments such as the pit depth gauge instrument
or a more accurate portable laser scanner.

A further simplification consists in the estimation of the average sectional penetration
depth, Payansv, to be attributed to the remaining external wires. To this end, Puy,mansy Was
evaluated as a function of the measured Ppax seciionar by adopting the transversal pitting factor
relationship, €;, previously introduced in Section 6.4.2.2 and re-called in Eq. 7-18 for clarity.
As shown in Figure 6-23, the transversal pitting factor trend was determined by investigating
the sectional pitting morphology variability of the available corroded strands by adopting the
GOM Inspect software. Although the inner wire was assumed to be un-corroded for the
investigated corroded strands, future research is planned to investigate corroded prestressing
strands having high corrosion level and corroded inner wire with the aim of establishing a new
correlation between the sectional maximum penetration depth, Py, seciionas, 0f the most corroded

wire and the corresponding sectional penetration depth of the inner wire, Piuner.

P max,sectional ’ P max,sectional
Pav,transv = ZQir;mter = 0378 — + 025 — router 7_1 8

}/;mter rouler

Finally, the ultimate corroded strain decay of a corroded wire is estimated by adopting

a bi-linear trend expressed as a function of the normalized maximum penetration depth,

Prax sectionallTouter, as shown in Figure 7-19. Similarly to the CPS-model, the bi-linear trend was

established by post-processing the experimental data, €yu,correxp, from the present research and
the experimental activity conducted by Jeon et al. (2019) with a particular focus on:

1. Subdividing the available &y, correxp data into two groups: (a) samples failing in

a ductile mode or (b) samples failing in a brittle mode;
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2. Normalizing the &y, comexp Outcomes to compare experimental tensile test data
on corroded strands having different un-corroded mechanical properties, i.e.
un-corroded ultimate strain (gp,,0) or un-corroded yielding strain (g,0),
respectively;
3. Performing linear regression analyses on the available data, distinguishing
between ductile and brittle wire behaviour.
Based on the obtained results, the bi-linear relationship predicting the ultimate

corroded strain, &y corr, Of a corroded wire was defined, as expressed in Eq. 7-19 and Eq. 7-20.

£ =& P ; P i
pu,corr y,0 -1-3.03 max,sectional 0.0 < max,sectional <033
Epu,0 ~€py,0 Touter Touter
€ . P . P . 7- 1 9
puscorr _ 1-0.599 max,sectional 0.33 0.33< max,sectional <2.00
gpy,O Touter Touter
P : P :
1-3.03 max,sectional (‘9pu,0 _ gpy,O) i gpy,O 0.0 < max,sectional <0.33
Touter Touter 7 20
& = -
pu,corr
s max,sectional I max,sectional
1-0.599| ———-0.33 Epy0 0.33< ——————<2.00
Touter Touter

As shown in Figure 7-19, a critical threshold of normalized sectional maximum
penetration depth, Py sectional/Fourer, €qual to 0.33 was identified. This critical value is equivalent
to a wire deterioration of approximately 1/6 of the wire’s external diameter, @ouzer, and represents
the threshold value upon which the hardening phase of the stress-strain relationship of a
corroded wire cannot develop further, thus resulting in the change of the wire’s failure mode
from ductile to brittle. Moreover, a lower and an upper boundary limit of Ppax sectionat/Fouter OF
0.0 and 2.00 were established. The lower boundary limit represents the un-corroded scenario;
the upper one corresponds to the deterioration of the entire wire. Furthermore, it is worth noting
that the proposed bi-linear trend for ultimate corroded strain decay was validated up to
Prax seciional/Tourer €Xperimental values equal to 1.40, as evidenced by the continuous black line

drawn in the elastic behaviour trend in Figure 7-19.
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Figure 7-19 Ultimate corroded strain decay, definition of the bi-linear trend.

Similar to the procedure adopted for the prediction of the ultimate corroded strain, the
residual cross-sectional area decay was additionally determined, as shown in Figure 7-20. For
this purpose, a bi-linear relationship was proposed as a function of the normalized maximum

penetration depth, Prax sectional/Tourer, as €xpressed in Eq. 7-21 and Eq. 7-22.
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Furthermore, the upper and lower boundary limits as well as the critical threshold value
Prax,sectionall/Tourer Were assumed to be identical to the ones previously adopted for the ultimate
corroded strain decay, resulting equal to 0.0, 2.0, and 0.33, respectively. Since the wire un-
corroded cross-sectional area, Aw,ouwer,0, differed from the present experimental campaign and
from the research activity conducted by Jeon et al. (2019), the experimental values of the
residual cross-sectional area, Aw,outercor, Were normalized by dividing them by the
corresponding un-corroded values, Aw,ouer,0, €qual to 14.22 mm? and 19.62 mm?, respectively.

Specifically, for the critical threshold value Puaxsecrional/Fourer €qual to 0.33, a
normalized residual cross-sectional area, Aw,ourer,cor/Aw,outer,0, 0f 0.90 was determined by using
Eq. 7-22. In this context, considering the strain localization effect caused by cross-sectional
loss pointed out by Chen et al. (2020) and Haefliger & Kaufmann (2022), a similar normalized
residual cross-sectional area for ordinary corroded reinforcement can be determined. According
to the latter, a critical cross-sectional loss was established as a function of the reinforcement
un-corroded yield (f,,0) and ultimate (f,,0) strengths based on equilibrium conditions established
between the undamaged and damaged parts, as briefly reported in Eq. 7-23. The procedure took
also into account the effect associated with the ratio between the ordinary reinforcing bars
undamaged (/.c) and damaged (/) part lengths. Such effect may be implemented in the SCPS-

model in future research.

/,
AS,O Vil :(1_gcrit)As,Of;4,l€ _X;crit = _f}_,o 7-23
u,0
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Figure 7-20 Ultimate corroded cross-sectional area decay, definition of a bi-linear trend.

7.5.2.1 Stress-strain relationship for corroded wires

Assuming the same behaviour of the un-corroded wire previously defined for the CPS-
model, Figure 7-21(a), the residual stress-strain response of a corroded wire was predicted for
the SCPS-model through Eq. 7-24 as a function of two main parameters: (i) the normalized
maximum penetration depth of the most corroded wire and (ii) the ultimate corroded strain,

&pu,corr, Of the analyzed wire, estimated according to Eq. 7-19 or Eq. 7-20.

<
¢Epo =80
P : '
max,sectional _
R <033 | EppoEpotEpp (‘9 Epp,O) Epp0 <ESEpy
router ' "
e oE o+FE (g —-& )+E (s—g ) & <g<l¢
€ pucorr > €py.0 pp,0=p,0 T Zp,0\°py,0 ~ ¢pp,0 ps0 py,0 py,0 pu,corr
0 & > gpu,corr
Oy (8) = 1)) e<e
p.0 =<pp.0

P ;
max,sectional '
i it <
0.33< <0.86 gpp,OEp,O + Ep,O (6‘ - gpp,O) gpp,O <€s gpu,corr

7 outer

< 0 &> gpu,carr
Epu,corr = gpy,O
<
0.86 < Pmax,sectional <2.00 EEP,O €= Epu,corr
Touter 0 e>¢ pu,corr

7-24
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In more detail, Figure 7-21 shows how the behaviour of a corroded wire varies
depending on the different levels of corrosion. According to Eq. 7-24, low corroded wires,
characterized by Ppax sectional/Fouter Values lower than the critical threshold value of 0.33, develop
a residual hardening phase, resulting in a reduced tri-linear trend of the mechanical response,
as in Figure 7-21(b). When the critical value is exceeded, the wire behaviour changes from
ductile to brittle and the hardening phase in the residual stress-strain relationship does not
develop. As a result, a bi-linear trend is assumed for intermediate corroded wires until the
Prax seciional/Touter value does not exceed a second critical value equal to 0.86, as shown in Figure
7-21(c). This additional threshold limit of Ppax sectional/Fouter 18 €quivalent to a wire deterioration
of approximately 3/7 of the wire’s external diameter, ¢ouer, and represents the critical value
upon which the yielding phase of the stress-strain relationship of a corroded wire cannot
develop. Lastly, when Py, sectionat/Tourer Values are higher than 0.86, only a linear-elastic trend
of the residual stress-strain relationship of a corroded wire is adopted, as highlighted in Figure

7-21(d).

A . K A | Tri-linear relation |
o | Tri-linear relation | o
f pu,0 f pu,0
0,0 fpy, 0 _—
pp,0 P onal Jono P onal
max,sectional _ 0.00 0.00 < max,sectiona <033
Touter Touter
E [
£ o i
0 gpp,O gpy,O pu,0 0 Epp,o epy,O EPU,O
(a) gpu,corr > 8py,0 (b)

[ Intermediate corroded wire ] High corroded wire

A | Bi-linear relation | A | Linear relation |
g (e}
fpu,O fPUIO
ij py,0 i py,0
f pp,0 P f pp,0 P
0.33 < —max.sectional g ¢ 0.86 < —maxscetional 5 o
rOMt@l‘ router
8 | - 8 |-
» »
01 €50 Epyo €pu,0 0l €,p0&py0 €pu0

|‘9pp,0 < gpu,corr < gpy,0| (C) (d)

Figure 7-21 Stress-strain relationship of a prestressing wire as a function of different corrosion levels:
(a) un-corroded, (b) low corroded, (c) intermediate corroded, and (d) high corroded.
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Once the contribution of each wire is estimated, the equivalent spring model is used to

predict the overall response of the corroded prestressing strand through Eq. 7-25:

o(e)=
_ Oy, max (‘9 » Prnax ) Aw,ouler,corr (P max ) +5- Oyw,av (g, Py ) Aw,outer,corr (P av ) + O inner (‘('" Buner )Aw,inner,corr (Pinner ) _

i“( Aw,outer,() ) + Aw,mner,O
i=1
_ Oy, max (g, Pmax ) Aw,outer,corr (Pmax ) +5- Oy,av (5’ Pav ) Aw,outer,corr (Pav ) + Ow,0 (E)Aw,inner,O
A
p,0

7-25

where o(e) represents the strand stress for a given strain, &, whereas 6y, max, Ow,av and Gy, inner are
the stresses of the most corroded wire, the remaining external wires and the inner wire,
respectively. In particular, Puax and Py stand for Prax sectional and Pay,transv. Moreover, Aw,outer,0
and Ay, inner,0 represent the un-corroded cross-sectional areas of the external and internal wires,
while 4,0 is the un-corroded cross-sectional area of the entire strand. In this context, gy, imer and
Aw,inner,corr — for the present case study — were considered equal to aw,0(€) and Ay, inner,0 because
the inner wire was found to be un-corroded by the experimental findings, meaning a null
maximum penetration depth of the inner wire, Piuer. The residual cross-sectional area of the
external wire, Ayw,ouzer,corr, Was calculated for each wire through Eqgs. 7-21 and 7-22.

For the sake of clarity, Figure 7-22 shows the application of the equivalent spring
model for the evaluation of the residual stress-strain relationships of a corroded strand by
varying its corrosion level, expressed in terms Of Puax,sectional/Tourer. Similarly to the CPS-model,
the conventional failure mode of the entire strand was assumed for the SCPS-model to be
governed by the failure of the most corroded wire, characterized by the maximum sectional
penetration depth, Puaxseciionai. However, differently from the CPS-model, the SCPS-model
attributes an average penetration depth, Pay ransv, to the remaining external wires; as a result, the

five springs reproducing the behaviour of the remaining external wires fail simultaneously.
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Figure 7-22 Equivalent spring model: residual mechanical response of a corroded strand considering
different corrosion levels.
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7.5.3 Simplified expressions for daily engineering practice application

In order to provide a useful tool for the accurate and time-saving assessment of the

residual mechanical response of a corroded strand to be used by engineers in the daily practice,

simplified relationships were proposed for the estimation of: (i) the failure stage of the most

corroded wire, referred to as “Failure 17, and (ii) the failure stage of the remaining external

wires, denoted as “Failure 2”.

The following is a summary of the step-by-step procedure to be applied for the

evaluation of the two failure stages of the residual stress-strain response of a corroded strand,

as previously shown graphically in Figure 7-22.

1))

2)

Step 1: Preliminary evaluation of un-corroded mechanical properties and
geometrical features of the investigated wires/strand.

Based on in-situ inspection or referring to design drawings, the un-corroded
mechanical properties of the investigated strand must be measured in terms of: (i)
modulus of elasticity,(Ep,0), (i1) ultimate strength (f,0), and (iii) ultimate strain
(&p,0). Similarly, the geometrical dimensions of the un-corroded radius of external
(Fouter) and internal wires (7imer) must be defined. The corresponding un-corroded
cross-sectional areas of outer (Awouwer0) and inner (Aw,imer0) Wires are then
calculated according to Eq. 7-26. Once the cross-sectional areas of all wires are
known, the un-corroded cross-sectional area of the entire strand, 4., is established

by summing the different contributions.

A“m — ”(2’/‘0”9” )2 _ 7Z.(¢outer )2
outer,0 =

X 2 * 2 7-26
A — 7 (Zr;nner ) _ 72. (¢irmer )
w,inner,0 4 = 4

Step 2: Estimation of the stress-strain relationship of un-corroded wires
According to Eq. 7-5, the tri-linear stress-strain relationship for un-corroded wires
is defined based on the un-corroded mechanical properties evaluated in Step 1. The
simplified relationship consists of:

(a) An elastic phase ranging from initial coordinates (0; 0) to the proportional

limit (€pp,0; f3p.0);

(b) A yielding phase from the proportional limit (&yp,0; fyp,0) to the yielding

point (&py,0; fp,0);
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3)

4)

5)

6)

(c) A hardening phase from the yielding point (&py,0; fpy,0) and the failure point
(&pu,05 fpu,0)-

In detail, the strength (f,0) and the strain (gy0) in correspondence to the
proportional limit are evaluated through Eqs. 7-8 and 7-9; while the yielding
strength and strain are calculated by adopting Eq. 7-10 and fixed at 1%,
respectively. Moreover, the yielding (E »0) and hardening (£ ,0) modulus are
estimated according to Eq. 7-6 and Eq. 7-7.

Step 3: Measurement of the maximum penetration depth of the most corroded wire
The location of the critical section is initially determined implementing non-
destructive techniques. A local removal of the concrete cover must then be
performed. At last, the maximum penetration depth of the most corroded wire,
Prax,seciionat, 1S measured by means of a pit depth gauge instrument or a more
accurate portable laser scanner.

Step 4: Estimation of the average sectional penetration depth

Taking into account the analysis of the pitting morphology and the variability of
the transversal pitting factor (£;), an average penetration depth, Payuansv, 18
attributed to the external wires, except for the most corroded one, as a function of
the Puax,secrional — previously measured in step 3 — by adopting Eq. 7-18. Based on
experimental evidence, the corrosion level of the inner wire must be determined.
In the present research, the penetration depth of the inner wire, Piner, Was assumed
to be null.

Step 5: Prediction of the ultimate corroded strain of corroded wires

Assuming Piax sectional ad Pay, iransy Values, previously calculated in steps 3 and 4,
the related ultimate corroded strains (gpu,corr) 0f the most corroded wire and the
remaining five external wires are evaluated through Eq. 7-20.

Step 6: Residual mechanical response of a corroded strand

Once the residual stress-strain response of each corroded wire has been predicted
through Eq. 7-24, it is necessary to adopt the equivalent spring model to evaluate
the mechanical response of the entire strand by summing the wires’ contributions,
according to Eq. 7-25. For the sake of clarity, Eq. 7-27 and Eq. 7-28 report the
expressions for estimating the residual ultimate stress of the most corroded wire

(ow,max(€)) and the remaining external wires (ow,q(€)), respectively.
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7) Step 7: Failure 1, rupture of the most corroded wire
Since the conventional failure mode of the entire strand was associated with the
rupture of the most corroded wire, a simplified expression is provided for the
assessment of the latter key point. For this purpose, the reduced ultimate strength,
Jfoucorr.an2, and the related residual tensile resistance, 7y coran2, Of the entire strand
are predicted by simplifying Eq. 7-25, as expressed in Eq. 7-29 and Eq. 7-30,

respectively:

o'(g) = fpu,corr,anZ =

_ Oy, max (‘9’ Pmax ) Aw,outer,corr (Pmax) +5- Oy av (‘9’ Pav ) Aw,outer,corr (Bzv) +0y0 (‘9) Aw,inner,corr (Bnner) _

i:(Aw,outer,O,i) + Aw,inner,O

io]

(Aw,outer,corr (P max ) +5- Aw,outer,corr (Ezv) + Aw,inner,O)
= Oy, max (8’ Frnax ) 4 =
»,0
= 04y, max (g’Pmax )aAcorr
7-29
Tpu,corr,an2 = O-w,max (g)aAcorAp,O 7-30

where, a4corr 1S @ corrosion parameter that estimates the normalized residual cross-
sectional area of the entire strand through Eq. 7-31 as a function of the usual input

parameter P max,xectional/ Vouter-.
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A gcorr =

2
Ay iner0 + Ay outer0 [1 - 0.303%] + 5[ 1- 0.303[ 0378 max ", 0.25%]]

rauter router rUltt@V

P

max,sectional <033

A

Touter p,0

Pmax Pmax : Pmax
Ayimer0+ Ayoutero| | 0:9-0.539] M 033 | 45| 1-0.303( 0.378 M2 4 25 “max.

rOltf@V rOlt[@V rOqu’"

P .
0.33< max,sectional <0.66
Touter

Ap,O

2
Ay inner0 + A outer.0 [0.9—0.539[})‘"“—033]]% 0.9—0‘539[[0‘378})‘“” +o.25PmaX]—0.33J

Pmax sectional Touter Touter Touter
: >0.66

7. A

outer

.0

7-31

8) Step 8: Failure 2, simultaneously rupture of the remaining external wires
Similarly to Failure 1, the reduced ultimate strength, fy. coran2,2, and the relative
residual tensile resistance, Tpucoran22, Of the entire strand are estimated in
correspondence to the simultaneous failure of the remaining external wires (Failure
2). To this aim, Eq. 7-29 and Eq. 7-30 are simplified by neglecting the contribution
of the most corroded wire previously broken, as highlighted in Eq. 7-32 and Eq.
7-33, respectively:

U(g) = fpu,corr,an2,2 =

_ 5 Oy,ay (‘9’ Pav ) Aw,outer,corr (Pav) + Ow,0 (‘9) Aw,inner,corr (Pinner) _

i [ Aw,outer,O,i) + Aw,inner,O

=1 7-32
(5 ! Aw,auteiycorr (P av) + ijnner,o)
=0, (&, Pav) =
Ap0
= O-w,av (S’Pav)aAcorr
Tpu,corr,an2,2 = O-w,av (g)aAcorrAp,O 7-33

where, o 4cor- 1S the modified corrosion parameter that estimates the normalized
residual cross-sectional area of the entire strand through Eq. 7-34 on the basis of
the usual input parameter Puax,sectional/Tourer by neglecting the cross-sectional area of

the most corroded wire (Aw,ouzer,corr), Which failed after “Failure 1.
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A georr =

Pmax ? Pmax
Aw,inner,O + SAw,outer,O 1-0.303| 0.378—"4%- +0.25—4%
R max,sectional <0.66 Touter Touter
Touter Ap,()
Pmax ? Pmax
Ay inner,0 T 54w outer 0| 0.9—0.539] | 0.378—% +0.25% | —0.33
k max,sectional 0.66 Touter Touter
—_— >0.
Touter Ap,O

7-34
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7.5.4 Model validation

To validate the simplified version of the proposed model, a comparison between the
experimental outcomes and the analytical predictions of stress-strain relationships of the
corroded strands coming from the present research and the study conducted by Jeon et al. (2019)
was performed by adopting both the CPS and the SCPS models, as shown in Figure 7-23 and
Figure 7-24, respectively.
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Figure 7-23 Comparison between experimental and analytical predictions — by adopting both the CPS-
and SCPS-models — of the corroded strands belonging to the present research tensile tests outcomes.
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Figure 7-24 Comparison between experimental and analytical predictions — by adopting both the CPS-
and SCPS-models — of the corroded strands belonging Jeon et al. (2019) experimental activity.
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Despite the simplifications introduced to simulate the complex chloride-induced
corrosion process of prestressing strands embedded in concrete, the obtained results revealed
that the SCPS-model ensures a significant agreement between analytical predictions and
experimental stress-strain relationships. To this end, Figure 7-25 compares the analytical
predictions obtained by using the two proposed models in terms of normalized ultimate
corroded  strength,  foucorrexp/foucorran, and normalized ultimate corroded  strain,
Epu,corr,exp/ Epucorr.an. In detail, the ratios were calculated by dividing the experimental outcomes
measured at the conventional failure mode of the corroded strand by the related analytical
predictions; whereas the dashed black line represents the perfect match between experimental
outcomes and analytical predictions. As a result, more conservative analytical predictions were
generally obtained by adopting the SCPS-model instead of the CPS-model, especially in terms
of ultimate corroded strength, fyu corran, as reported in Figure 7-25(a). Moreover, a significant
scatter between analytical and experimental results was observed for highly corroded strands,
such as PB9-R(15-60) and PB10-R(287-332). Nevertheless, the introduction of the new
regression trend for estimating the ultimate strain decay, €pu,cor resulted in more accurate
predictions when compared to CPS-model outcomes, as evidenced by Figure 7-25(b).
Furthermore, the sectional pitting morphology analysis of corroded strands allowed for a better
interpretation of the relationships existing between the maximum penetration depth of the most
corroded wire and the relative corrosion level of the remaining external wires, expressed in

terms of average penetration depth.
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Figure 7-25 Comparison of experimental and analytical results by adopting the CPS- and SCPS-
models — in terms of : (a) ultimate strength, fou correxp/fpucorr.an, and (b) ultimate strain, €pu,corr,exp/Epu,corr.an-

Similar to the CPS model analysis, the performance of the SCPS-model was
investigated by conducting a statistical analysis on the 34 corroded and un-corroded samples in
terms of the normalized ratios of experimental outcomes and analytical predictions in the form
Jou,corr,exp!fou corran2 a0 Epu,corr,exp/Epu,corr.an2, as reported in Table 7-4. As previously mentioned,
the SCPS-model predictions were generally more conservative than the CPS results, as
confirmed by the average value of ultimate corroded strength ratio, fpucor,exp/fpucorr,an2, Which
was 1.09 instead of the CPS-model 1.02. On the contrary, adopting the SCPS-model resulted
in a better estimation of ultimate corroded strain, as highlighted by the average value of ultimate
corroded strain ratio, &pu,corr,exp/Epu,corr.an2, Which was 1.02 instead of 1.06 for the CPS-model.
Furthermore, the SCPS-model was affected by a higher and lower dispersion of predicted
ultimate corroded strength and strain if compared to the CPS-model as confirmed by a standard
deviation of 0.13 (0.10 for the CPS-model) and 0.17 (0.21 for the CPS-model), respectively.
Finally, the effectiveness of the proposed SCPS-model was highlighted by the evaluation of the
Coefficient of Correlation, CoC, and the calculation of the Coefficient of Variation, CV. The
first statistical parameter (CoC) resulted equal to 0.94 and 0.97 for the normalized ratios of
ultimate corroded strength, fpu,corr.exp/fpu,corr,an2, and ultimate corroded strain, epu,corr,exp/Epu,corr,an2,
respectively. The second parameter (CV) resulted equal to 11.79% and 16.54% for the ultimate

corroded strength and the ultimate corroded strain ratios, respectively.
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Table 7-4 SCPS-model predictions in terms of ultimate strength, f., coran2, Ultimate strain, gy corr,an2,
normalized strength, fu, corr,exp/fou,corr.an2, and normalized strain, €pu,corr,exp/Epucorr.anz- The reported data
consider also the un-corroded samples.

Sample ID ﬁi;jlolr)r:;z 8pu,c['¢:rir,an2 ﬂu,corr,ex;;{j](im,corr,anZ Spu,corr,exlii;:pu,corr,anl
PB9-L(12-82) 1140.00 0.0071 1.04 0.96
PB9-L.(426-496) 1726.60 0.0263 1.04 1.20
PB9-R(15-60) 479.18 0.0041 2.26 1.44
PB9-R(428-473) 1901.75 0.051 0.99 0.98
PB10-L(138-208) 1656.89 0.0165 1.01 0.65
PB10-L(445-515) 677.84 0.005 1.39 1.12
PB10-R(32-102) - - - -
PB10-R(287-332) 430.85 0.0039 1.62 0.92
PB11-L(5-75) 1901.75 0.051 0.98 1.01
PB11-L(196-266) 1299.90 0.008 1.17 1.03
PB11-R(6-51) 1488.90 0.0092 1.10 1.03
PB11-R(273-318) 1362.60 0.0084 1.02 0.89
PB12-L(12-82) 1224.00 0.0076 0.97 0.91
PB12-L(124-169) 1354.70 0.0085 1.10 0.95
PB12-R(100-170) 1438.20 0.009 1.04 0.96
PB12-R(358-403) 1901.75 0.051 1.00 1.06
PB13-L(1-46) 1403.50 0.0087 1.11 1.18
PB13-L(108-178) 1071.40 0.0068 0.80 0.69
PB13-R(0-70) 1308.10 0.0081 1.06 0.95
PB13-R(70-115) 1435.10 0.0089 1.09 0.94
PB14-L(10-55) 947.02 0.0063 1.31 0.98
PB14-L.(455-500) 1901.75 0.051 1.03 0.95
PB14-R(2-72) 1368.00 0.0085 1.06 0.94
PB14-R(77-122) - - - -
CS1 1769.1 0.0529 1.05 1.24
CS2 1806.9 0.0616 1.04 1.13
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CS3 1586.8 0.0119 1.07 1.32
CS4 1403.7 0.0089 1.19 1.43
CS5 1544.55 0.0098 1.02 0.99
CSé6 1615.3 0.0182 1.07 1.10
CS7 1654.2 0.0268 1.05 0.71
CS8 1724.1 0.0427 1.10 0.90
CS9 1520.1 0.0096 1.10 1.13
CS10 1727.5 0.0435 1.07 1.00
CS11 1827.4 0.0663 1.04 0.85
CS12 1741.5 0.0467 1.10 1.37
Mean Value: 1.09 1.02

Standard Deviation: 0.13 0.17

CoC [-]: 0.94 0.97
CV [%]: 11.79 16.54

*Samples PB9-R(15-60) and PB13-L(108-178) neglected in the statistical analysis since considered as outliers.

7.5.5 Main observations

In the present section, a simplified version, named SCPS-model, of the previously
defined constitutive law, named CPS-model, for the prediction of the residual stress-strain
relationship of corroded prestressing strands was proposed and discussed. To this aim, a total
of 34 tensile test outcomes coming from the present research and the experimental activity
conducted by Jeon et al. (2019) were considered for the validation of the proposed simplified
approach. According to the SCPS-model, the residual tensile response of a corroded
prestressing strand is evaluated by adopting the equivalent spring model and its effectiveness
lies in its dependence on a single input parameter, which is the maximum penetration depth of
the most corroded wire. The model results to be therefore independent from the usual
parameters of the mass loss of the corroded strand or the cross-sectional loss of each corroded
wire. Since the maximum penetration depth can be measured during in-situ inspection without
destructive techniques but by locally removing the concrete cover, the application of the SCPS-
model in the daily engineering practice is highly encouraged. In this context, a maximum

penetration depth equal to 1/6 of the external wire diameter was established as the critical
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threshold value at which the mechanical response of the corroded wire turns from ductile to
brittle.

Based on the obtained results and considering the adopted simplifications, the SCPS-
model can predict the residual mechanical response of a corroded prestressing strand in terms
of stress-strain relationship and tensile force-strain relationships with a higher margin of safety
if compared to the CPS-model. The accuracy and the effectiveness of the simplified model was
underlined by the statistical analysis outcomes conducted in terms of ultimate corroded strength
and ultimate corroded strain ratios of experimental results and analytical predictions, which
revealed a mean value and a standard deviation of 1.09 —0.13 and 1.02 — 0.17 for the first and
second analyzed ratios, respectively.

To support the use of the proposed model during engineering practice, future studies
should address the identification of an operative procedure for sampling and measuring along
the corroded length of the strand; the study of innovative instrumentation, such as micro
portable laser scanners complemented by software for maximum pit and wire radius estimation,
should also be promoted.

Furthermore, additional corroded prestressing strands should be tested and analyzed
for refining and improving the proposed simplified relationships. Particular attention should be
paid to high corroded strands, showing corroded inner wire, in order to define a supplementary
relationship that correlates Puax sectional and Pinner.

Finally, similarly to the CPS-model, further efforts should be devoted to the
quantification of the overall residual mechanical response of multiple corroded strands,

characterized by different corrosion levels at the analyzed section.

7-70



Definition of constitutive laws for corroded strands

7.6 Partial safety factor for the design tensile strength of corroded

strands

As pointed out by Blomfors et at. (2019), the application of simplified models for the
assessment of existing structures must be accomplished with a sufficient margin of safety,
especially if the interested structures exhibit corrosion damage. Moreover, the assessment of
existing structures often differs from the design of new ones because of the different importance
of the involved variables. In this regard, Caspeele et al. (2013) proposed a Design Value Method
(DVM) for adjusted partial safety factors for the evaluation of existing structures allowing to
account for different variabilities of the basic variables, a different target safety level, expressed
by the reliability index Sureer, and a different reference period (1 year) compared to the values
usually adopted for design (i.e. 50 years). The assumption of a 1-year reference period is
determined by the variability of the corrosion process over time, which requires a more targeted
structure verification over a limited life-time span. Although DVM is already considered in
codes and guidelines, such as the fib Bulletin 80 (2016), the evaluation of partial safety factors
for existing RC and PC structures does currently not take into account reduced material
characteristics. To fill this gap, the present section discusses the evaluation of a new partial
safety factor, ym,corr, for the prediction of the design tensile strength of corroded prestressing
strands, fpu,corr.des, While accounting for the model uncertainties associated with the adoption of

the SCPS-model, according to Eq. 7-35:

fu corr,an?
fu,corr,des = 7-35

m,corr

where f corran2 1s the ultimate corroded strength predicted via the SCPS-model adoption. It is
worth noting that the discussion follows the approach proposed by the latest draft of the future
fib Model Code 2020 prescriptions. In more details, uncertainties related to material properties,
geometry and failure mode were also defined according to the latest draft of the future fib Model

Code 2020 prescriptions by considering both assessment and design scenarios.

7.6.1 Description of adopted procedure

The proposed partial safety factor was calculated through the definition of Eq. 7-36:

exp(—1.645V;)

Ym,corr =
: 2 2. 2.2 7-36
HmodHa9R * expL _aﬂtarg et \/Vmod + Va + Vs + VSRJ

where the meaning and the quantification of the adopted parameters are given below:
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=V is the coefficient of variation (COV) of un-corroded strength of prestressing
steel, which is assumed equal to 0.025 according to JCSS recommendations
(2001).

= ¢ is the sensitivity factor, assumed equal to 0.7 for a 1-year reference period
according to the latest draft of the future Model Code 2020, (R. Caspeele, 2021).

*  Suree 18 the annual target reliability index and is defined as a function of (i) the
consequence class and (ii) the relative cost of safety measure. Since EN1990
(2015) generally provides over-conservative annual target reliability indexes by
assuming yearly independence between failure probabilities, Srurger for the
assessment of existing concrete structures was estimated according to JCSS
(2001) and ISO 2394 (2015) recommendations, (R. Caspeele, 2021). In particular,
considering the assessment or the design of a structure characterized by a
consequence class CC2 and a predefined relative cost of safety measures, a Srarger
equal to 3.3 or 4.2 was respectively assumed in Eq. 7-36 based on economic

optimization, as clearly shown in Table 7-5.

Table 7-5. Birqer €valuation based on economic optimization.

Consequence class

Cost of safety

measures cc1 cC2 cC3
Large (A) 3.1 33 3.7
Normal (B) 3.7 4.2 4.4
Small (C) 4.2 4.4 4.7

* 1, and V, are, respectively, the mean value and the COV related to geometrical
properties. In case of existing concrete structures, the latter uncertainty should be
evaluated by means of in-situ analysis. However, in the lack of available
measurements, the latest draft of the future Model Code 2020 proposes u, and V,
values equal to 1.0 and 0.01 or 0.95 and 0.05 for the assessment or design
scenarios, respectively.

= uer and Vir are, respectively, the mean value and the COV of the resistance model
uncertainty. For the sake of clarity, the latest draft of the future Model Code 2020
distinguishes between failure modes associated with bending (reinforcement

properties are mostly dominating) or crushing of columns (concrete compressive
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strength is dominating) to provide indicative values of resistance model
uncertainty. Nevertheless, the suggested values are for non-deteriorating RC
members, while no recommendations are provided for existing PC members
subjected to chloride-induced corrosion. Considering the absence of specific
provisions, ugr and Vpr are assumed to be equal to 1.09 and 0.045, valid for
members failing in bending.

" Umoa and Vyea represent the mean value and the COV related to the analytical
predictions of the residual ultimate strength of corroded strands obtained by using
the SCPS-model. These latter values are strongly related to corrosion effects and
their evaluation and quantification is thoroughly explored in the following
paragraph (7.6.2).

It is worth noting that a PSF value, ym,un-corr, 0£0.994~ 1 and 1.145~ 1.15 is estimated
for the un-corroded scenario in the case of assessment or design conditions, respectively, by
substituting the assumed uncertainty values in Eq. 7-37 and by initially neglecting the corrosion
effects associated with the SCPS-model uncertainty, i.e. moq and Vinoq factors. Since the present
Thesis deals with the assessment of corroded prestressing strands, only the related scenario is

discussed in the following paragraphs.
exp(—1.645V)

Vmun—corr = > ) )
Hallgpr - expL _aﬂtarget \l Va + Vs + VL‘}RJ

) exp(—1.645- 0.025)
Assessment Scenario 1.0- 1.09- expL—0.7- 3.3\/0.012+0.0252+0.0452J

=0.994

7-37
exp(—1.645V;)

Y m,un—corr = > > >
HaMgR - eXpL_aﬁtarget \é Va + Vs + V&‘RJ

Design Scenario _ exp(~1.645- 0.025)
0.95- 1.09- expL—O]- 4.2Jo.052+0.0252+0.0452J

=1.145

7.6.2 SCPS-model uncertainty quantification

As previously discussed, the SCPS-model is a simplified constitutive law that allows
the prediction of the residual mechanical properties of corroded prestressing strands. To apply
the SCPS-model, the maximum penetration depth of the most corroded wire (Ppax sectionar) Must

be measured. Subsequently, simplified expressions derived from the pitting morphology
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analysis are adopted to estimate the average penetration depth of the remaining external wires
(Pav,iransv) and to predict the ultimate corroded strain of a corroded strand (&pu,corran2) as a
function of the previously measured maximum penetration depth. Finally, based on Puax,secrional

and &pu,corran2, the ultimate corroded strength (fyu,corr.an2) Of the entire strand is predicted.

(2N III° Model Uncertainty
£5(€,, cornan) function that relates the parameter
fp 00 €y, coran With the analytical corroded ultimate
f fi‘m corr.an strength, fpu,corr,an
0
f};p 0 < Pmax,sectional " <
’ 0.00< r— <033 fpy,O + Ep,()(‘(“pu,corr - gpy,()) €py,0 < €pu,corr = €pu,0
outer
R max,sectional ! <
Oy, max (8) =1033< 7‘— <0.86 fpp,O + Ep,O (gpu,corr - gpp,O) Epp,0 < € pu,corr = €py0
outer
< Pmax,sectional <
0.86< r— <2.00 Ep,ngu,corr € pu,corr < Epp,0
outer
&
II° Model Uncertainty
0.33 (P . sectionat Tourer) Tunction that relates the input
P : parameter P, . iionaTourer With the analytical
max,sectional Epu,corran corroded ultimate strain, €, .4
R max,sectional A max,sectional
{1 -3, 03 (20 =m0 ) | + &m0 00< s <033
outer outer
E =
pu,corr
1-0.599 Pmax,sectional 033 033< Pmax,sectinnal <2.00
. r— . gpy,0 . = , = .
outer outer
2.00
v
P max,sectional/ Vouterr T

I° Model Uncertainty

Estimation of the input parameter
P sectionatToutrer dU€ to its variability

Figure 7-26 Focus on the SCPS-model uncertainties.

Although the SCPS-model was proved to be a simplified but accurate tool for the
prediction of the residual mechanical properties of a corroded strand, several uncertainties

inherently connected to the proposed model are present, Figure 7-26, such as:
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I.  The uncertainty related to the maximum penetration depth measurement;
II.  The uncertainty related to the ultimate corroded strain and strength predictions
through the adoption of Eq. 7-20;
III.  The uncertainty related to the estimation of the average penetration depth

attributed to the remaining external wires via Eq. 7-18.

7.6.2.1 Procedure for the probabilistic estimation of the maximum penetration depth

To quantify the SCPS-model uncertainty associated with the maximum penetration
depth evaluation, the pitting morphology analysis of each available corroded strand was first
conducted. To this end, the number of pits, 7,5, and the related penetration depths, Py, were
measured as previously described in Chapter 6. Second, the probabilistic analysis of the
measured penetration depths of each corroded strand was performed by adopting a Lognormal
distribution function, as expressed in Eq. 6-16. As a result, the mean value (4x) and the standard
deviation ({;) of each obtained distribution were determined, as reported in Table 6-4.
Afterwards, for each corroded strand inspected, the fractile value, &navi, Was calculated in
correspondence to the maximum penetration depth, Ppax seciional, previously measured using the
GOM Inspect software, according to Eq. 7-38. Indeed, It is assumed that the maximum
penetration depth can be estimated in a simplified way as this fractile of the distribution of the
individual penetration depth measurements.

fmax’,‘ _ (D[ ln(Pmax,sectional)_ﬂ'x,iJ 7-38
gx,i

Since the investigated corroded prestressing strands were characterized by different
scanned lengths, Lscan, of 250 mm and 500 mm, respectively, the proposed procedure for the
maximum penetration depth evaluation was conducted by distinguishing two groups of
corroded samples. For the sake of clarity, Table 7-6 reports the obtained fractile values, &nax,i,
for each analyzed sample. Afterwards, the mean value, penax, the standard deviation, ognax, and
the coefficient of variation, Ve, of the fractile values, &naxi, Were calculated for the two
groups. In detail, these latter parameters resulted equal to 0.9859, 0.0134 and 0.0136 for the
group of samples with L., of 250 mm and equal to 0.9770, 0.0274 and 0.0281 for the group
of samples with Lgcan of 500 mm, respectively. Finally, by assuming a Lognormal distribution
for the maximum penetration depth, a relationship was defined between the mean of the
maximum penetration depth, gpmax secrionari, and the mean, Ay ;, and standard deviation, {;, of the

measured pits, as expressed in Eq. 7-39:
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-1
'quax,sectional,i = exp(lx,i +§x,icD ('uémax )) 7-39

where ®! is the inverse distribution function of the mean of the fractile values &pay i, previously
calculated for samples having different scanned lengths. In detail, the estimated upmax sectionat,i
corresponds to the updated maximum penetration depth, Puaxseciionai, Of €ach strand to be
considered as the input parameter for the prediction of the ultimate corroded strength, fyu,corr,an2,
of the strand. For the sake of completeness, the updated values in the form of normalized
maximum penetration depths, Puaxsecrionat/Tourer, as Well as the related predicted fyucorran2
obtained by using Eq. 7-27 are reported in Table 7-6 for each analyzed sample. Furthermore,
the ratios between experimental and analytical ultimate corroded strengths, denoted as 6;, were

calculated and reported in Table 7-6.
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Table 7-6 Main parameters of the probabilistic evaluation of the maximum penetration depth to be
used as input parameter of the SCPS-model and updated fpu,corr,an> predictions.

Sample ID [I;:;:] frf-aiv,i HPmax =[I}:lr::l,\f],sectional,i P”ﬁs:;::fzgm f,E;Z,lr)r:;z ﬁ,]
PB9-R(15-60) 250  0.9984 1.893 0.889 1037.16 1.04
PB10-R(287-332) 250 0.9988 1.655 0.777 1171.50 0.59
PB11-R(6-51) 250 0.9600 1.353 0.635 1323.98 1.24
PB11-R(273-318) 250  0.9750 1.540 0.723 1230.84 1.13
PB12-L(124-169) 250 0.9910 1.089 0.511 1439.35 1.04
PB13-L(1-46) 250 0.9948 1.202 0.564 1389.73 1.12
PB13-R(70-115) 250  0.9799 1.212 0.569 1385.50 1.13
PB14-L(10-55) 250 0.9970 1.701 0.799 1147.63 1.08
PB14-R(77-122) 250 0.9780 0.592 0.278 1656.11 -

Uzmax = 0.9859

Oemar = 0.0134

Oamar = 0.0136
R i i
PB9-L(12-82) 500 0.9933 1.380 0.648 1312.62 0.90
PB9-L(426-496) 500  0.9330 0.577 0.271 1662.47 1.08
PB10-L(138-208) 500  0.9205 0.743 0.349 1591.29 1.05
PB10-L(445-515) 500 0.9944 1.564 0.734 1218.30 0.77
PB11-L(196-266) 500  0.9954 0.912 0.428 1517.35 1.00
PB12-L(12-82) 500  0.9945 1.200 0.564 1390.55 0.85
PB12-R(100-170) 500 0.9855 0.902 0.423 1521.71 0.98
PB13-R(0-70) 500  0.9949 1.075 0.505 1445.45 0.96
PB13-L(108-178) 500  0.9760 1.862 0.874 1058.89 0.81
PB14-R(2-72) 500 0.9824 1.160 0.544 1408.35 1.03

fimas = 0.9770

Oemar = 0.0274

Semax = 0.0281
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7.6.2.2 Estimation of the resistance model uncertainty

Once the updated Piaxsectional/Touter values were identified, the last step consisted in the
evaluation of the resistance model uncertainty associated to the ultimate corroded strength
predictions, denoted as timoq and Vimoa in Eq. 7-36. To this end, the resistance model uncertainty
for corroded strands was estimated according to the procedure provided in the Annex D of

EN1990 by referring to the ratios, 6;, evaluated in paragraph 7.6.2.1 and shown in Figure 7-27.
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Figure 7-27 6; values for investigated corroded strands; orange line represents the perfect matching
between experimental outcomes and analytical predictions.

In detail, a Lognormal distribution function was adopted to describe the SCPS-model
uncertainty and a graphical examination of 6; values was performed by analyzing the
corresponding quantile plot, as shown in Figure 7-28. As a result, the majority of the SCPS-
model predictions (11 out of 18) underestimated experimental results, as confirmed by 6; values
higher than 1.0. Moreover, referring to quantile plot outcomes, the Lognormal distribution

function seemed to adequately represent the analyzed random variable.
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Figure 7-28 Quantile plot by considering ; values for investigated corroded strands — adopting a
Lognormal distribution function.

As extensively discussed by Engen et al. (2017), the probability distribution of model
uncertainty is generally unknown; however, it can be represented as a lognormally distributed
random variable as suggested by the EN1990 (2015). This latter distribution was also selected
based on the investigated variable fitting showed by the quantile plot reported in Figure 7-28.

According to Annex D of EN1990, once the Py secrionari values were evaluated, the
SCPS-model uncertainty characteristics, denoted as pmoq and Vioa in Eq. 7-36, can be calculated
based on the natural logarithm of the parameter J; (denoted with A;), which represent the error
term associated with each experimental value fyucorexp,i. The d; values were first evaluated

through Eq. 7-40:

S = fpu,corr,cxp,i
i

7-40

B b- fpu,corr,anZ,i
where b — calculated in Eq. 7-41 — stands for the “Least Squares” best-fit of the slope correlating

the theoretical and experimental values of the investigated variable, as shown in Figure 7-27.

bzmzmon 7-41

2
pu,corr,an2,i

Second, the mean value (A ), the variance (s3), the standard deviation (s, ), and the
COV (Vs) of the term A were estimated according to Eqs. 7-42 to 7-44, where n is the number

of available observations. It is worth noting that A, s,, and Vs correspond to the mean value
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(um), the standard deviation (o1:), and the COV (Vi,) of the analyzed lognormal distribution

function, respectively.

- 1
A= ;2 i ==0.0221= gy, 7-42
T

—\2
3=—$a - A) =0.025
n-l43 7-43

Sp = si =0.1585=0y,

Vs = fexp(sﬁ)—l =0.1595=V}, 7.44

Afterwards, considering the relationships between lognormal and normal distribution
function parameters — Eqs. 7-45 and 7-46 — the mean value, umo4, and the standard deviation,
omod, Of the SCPS-model uncertainty were calculated, resulting in the values 0.9905 and 0.1580,
respectively; whereas the COV, Viua, of 0.1595 (15.95%) was estimated as the ratio between

Omod and HUmod.

1
i =10 fh0q _Eln(Vmodz + 1) 7-45

O = ln(VmOd2 +1) 7-46

In addition, to verify the selected distribution type, the Shapiro-Wilk test of normality
was performed and compared to a 5% level of significance, Shapiro & Wilk (1965). The test,
conducted on A; = In(9;) values provided a Shapiro-Wilk test statistic for normality, W, and a
related P-value equal to 0.9069 and 0.0715, respectively, as highlighted in Table 7-7. Based on
the obtained results, the test was successful if compared to a 5% level of significance, which
means that the A; observations can be reasonably treated as a lognormally distributed random

variable, as previously graphically confirmed by the quantile plot in Figure 7-28.

Table 7-7 SCPS-model: Shapiro-Wilk test of normality outcomes.

variable P-value
w P-value>0.05 ?
[-] (5% of significance) vatue
Ai 0.9069 0.0715 Yes
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As a result, by introducing the estimated SCPS-model uncertainty — characterized by
a mean (imoq) of 0. 0.9905 and a coefficient of variation (Vmoq) of 0.1595 — into Eq. 7-36, the
proposed partial safety factor, ymcorr, €qual to 1.31 was determined for the prediction of the
design tensile strength of corroded prestressing strands (assessment scenario), fpu,corrdes

according to Eq. 7-35, as shown in Eq. 7-47.

exp(~1.645V,)
2 2 2 2
HiodHallgR = €XP L _aﬂtarg et \/Vmod e+ VSRJ
exp(-1.645- 0.025%) 7-47

0.9905- 1.0- 1.09- exp[—0.7~ 3.3J0.15952+o.012+0.0252+0.o452J

J/m,corr =

=131

The proposed partial safety factor represents the first attempt available in the scientific
literature to properly define a simplified procedure for the prediction of the design ultimate
corroded strength of a prestressing strand. The proposed procedure considers several
uncertainties related to:

= Geometrical properties;

= Un-corroded mechanical properties for prestressing steel;
= Failure mode of PC member;

= Resistance model uncertainty.

Although the proposed partial safety factor, ym cor, should be regarded as a valuable
tool for daily engineering practice to be implemented in future codes and guidelines for the
assessment of existing corroded PC members, its effectiveness required further investigation.
In particular, to improve the accuracy of the proposed yum, corr, additional experimental tests on
corroded prestressing strands should be conducted in order to extend the statistical population

to be analyzed.
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8.2 Analytical model overview

Based on the obtained results, an analytical approach for the assessment of the residual
flexural and shear capacity of corroded PC beams without transversal reinforcements was
proposed and implemented in a MATLAB code. As highlighted by the flowchart reported in
Figure 8-1, the analytical model can be divided into five main phases:

= Evaluation of instantaneous and time-dependent prestressing losses;

= (Quantification of corrosion effects;

= (Calculation of the residual flexural capacity;

= (Calculation of the residual shear capacity;

* Model validation consisting in the prediction of the failure mode and the

ultimate load of the investigated corroded PC member.

Input geometrical and material parameters

Realising of strand

Evaluation of instantaneous and Steel relaxation
time-dependent prestressing losses Creep losses

Corrosion levels ) Shrinkage losses

estimation
Corrosion parameters
evaluation

Bond decay \ Quantification of
quantification effects of corrosion

Transmission
length variation

Mechanical properties
decay (SCPS-model) )

v v

Calculation of residual Calculation of residual
flexural capacity shear capacity

v

Analytical model validation
with experimental outcomes

|

Figure 8-1 Flowchart of the main phases of the proposed analytical model.
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The analytical model input parameters are:
- Geometrical and load input parameters:
(1)  The cross-sectional width, b, and height, 4, of the investigated PC element;
(1)) The concrete cover thickness, ¢, and the distance from the centroid of
prestressing strand to the extreme compression fibre, d;
(iii) The span length, L, and the cantilever parts at beam edges, di and da;
(iv) The un-corroded radius of inner, #imner, and outer, #ouzer, Wires composing the
strand;
(v) The un-corroded area of the prestressing strand, 4, o;
(vi) The cross-section number of strands, 7siand;
(vil) The prestressing strand eccentricity, e;
(viii) The concentrated applied load, P, and/or the distributed load, g.
- Mechanical properties of un-corroded reinforcements:
(ix) The initial prestressing stress, gp,0;
(x) The ultimate strength, f,,0, the ultimate strain, &0, and the modulus of
elasticity, Ej 0, of the prestressing reinforcement;
(xi) The average compressive strength of concrete, f.», and the concrete modulus
of elasticity, E..
- Corrosion damage parameter:
(xi1)) The maximum penetration depth of the most corroded wire, Pax;

The effects of corrosion are evaluated through a single input parameter, which is the
maximum penetration depth of the most corroded wire, Pua. This parameter was established
through probabilistic analyses on experimental measurements conducted on available corroded
strands by distinguishing between four different scenarios: (a) un-corroded, (b) low, (c)
intermediate, and (d) high corrosion. Once the corrosion pattern of the analyzed PC beam is
established via visual inspection, the corrosion parameters in terms of (i) average penetration
depth of the remaining external wires, Pay, (11) mass loss, 7, and (iii) cross-sectional loss, u, are
quantified. Afterwards, the SCPS-model is adopted to determine the residual mechanical
properties of corroded strands. Furthermore, analytical models for the evaluation of the
transmission length variation, L; co+, and the ultimate bond strength decay induced by corrosion
over time are introduced. Finally, the residual flexural and shear capacity of the investigated
PC element are determined by using equilibrium and compatibility conditions. Specifically, the
Model Code 2010 Level II of approximation expression is adopted for the shear capacity

assessment of structural PC members without transversal reinforcement, opportunely modified
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to account for corrosion effects. The analytical load at failure, Pinrean, and the observed failure
mode are adopted as the governing output data for the model validation. To this end, the
accuracy and the efficiency of the proposed analytical model is verified by analyzing the ratio,
Praiture! Praiture,an, between the experimental and the analytical capacities. Finally, the ultimate
load at failure of each analyzed PC beam is investigated through the analytical approach by
adopting un-corroded and corroded (mean and design) mechanical properties of prestressing
strands to quantify the corrosion effects on the load-bearing capacity decay.

As pointed out by Yu et al. (2022) and ASCE-ACI 426 (1973), a corroded RC or PC
beam can fail in bending or shear by showing different failure modes:

- Bending Failure Modes:

1. Due to compression concrete crushing;

2. Due to longitudinal rebars rupture;

3. Due to prestressing reinforcements rupture.

- Combined or Shear Failure Modes:

4. Combined shear-flexural failure;

5. Due to transversal reinforcements rupture;

6. Due to compression failure;

7. Due to anchorage failure;

8. Due to compression strut failure;

9. Due to diagonal tension failure;

10. Due to shear compression failure.
Considering the absence of transversal reinforcements as well as longitudinal ordinary rebars,
the corresponding failure modes are not considered for the validation of the available corroded
PC beams. Furthermore, although the bond decay due to severe corrosion can significantly
affect the residual capacity of pre-tensioned corroded PC beams, the failure mode associated to
anchorage failure is not currently implemented in the proposed analytical approach, where the
evaluation of residual flexural and shear capacities are the main focus. Therefore, the anchorage
failure evaluation requires further research efforts. Nevertheless, anchorage failure effects on
deteriorated PC structures and formulations for the anchorage resistance estimation in the case
of corrosion can be found in Franceschini et al. (2021).

The basic assumptions for the flexural and shear capacity of corroded PC beams are
that: (i) the sectional resisting contribution is attributed to prestressing reinforcements, and the
contribution provided by ordinary rebars in compression is neglected; (ii) Euler-Bernoulli

beams with plane sections is assumed.
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8.3 Flexural and shear demand

To compare experimental outcomes and analytical predictions, two different loading
set-up are considered: (i) the three-point bending configuration and (ii) the four-point bending
configuration, as shown in Figure 8-2 and Figure 8-3. The tested PC beams are isostatic
structurers simply supported at beam edges and therefore statically determined. The three-point
bending loading configuration consists in the application of a concentrated load, P, at mid-span
at a distance equal to L/2 from the support, whereas the four-point bending configuration
involves the application of two concentrated load, P, at a distance equal to /3. The analytical
model allows to consider a distributed load, ¢, applied along the overall PC beam length, as
highlighted in Figure 8-2. Nevertheless, it is worth noting that the self-weight contribution is
neglected in the following comparisons to properly reproduce the experimental campaign

conditions; thus, the load contribution ¢ is assumed to be null.

l Applied Load

[

Steel Support D LVDT Steel Support
Ay, L L dy
A A 4 y
y L2 Y L2 ,
A 7 f
Distributed Load Applied Load
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X
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A /I A
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jv\ i S
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Vd] l VEd(x) \
"
Va

Figure 8-2 Flexural and shear demand evaluation for three-point bending loading configuration.
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Specifically, the flexural and shear demand of corroded and un-corroded PC beams
tested by adopting a three-point bending configuration can be defined through Eq. 8-1 and Eq.
8-2, respectively, as graphically shown in Figure 8-2:

Vi=Va —ax 0Sx<£
Via (x) = 2
()= L 8-1
Vi=Vq—qx-P ESXSL
2
Vxx—lex—Mdl—% 0£x<§
My (x)= 8-2
qx2 L| L
VXX—VdIX—Mdl—T—P X—E ESXSL

where, V41 and Vi, are the shear contributions of left and right beam cantilevers — calculated
according to Eq. 8-3 and Eq. 8-4 —, whereas My and My, are the related bending moments —
evaluated through to Eq. 8-5 and Eq. 8-6. Moreover, Vx is the shear reaction evaluated at left

support, which is determined from equilibrium conditions through Eq. 8-7.

Vi, =494 8-3
Va, =4qd, 8-4
My, = —% 8-6

M
x—i—@+£+%+Vd 8-7
L L 2 2 !

The flexural and shear demand of a four-point bending configuration is evaluated
through Eq. 8-8 and Eq. 8-9, as graphically shown in Figure 8-3.

L
Vx—le—qx 0£x<§

P L 2
VEd(x): Vx—le—qX—E §§X<§L 8-8

Vi=Vyq —qx-P %LSxSL
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Figure 8-3 Flexural and shear demand evaluation for four-point bending loading configuration.
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8.4 Instantaneous and time-dependent prestressing losses evaluation

The existing PC structures generally suffer by a reduction in the initial prestressing
stress, a,(?), over time even though they are unaffected by corrosion. Indeed, the prestressing
losses are: (i) instantaneous due to the concrete elastic contraction caused by the releasing of
strand, Aop,el, and (i1) time-dependent due to the steel relaxation phenomenon, Aagy, -./(f), and the
rheological effects of creep, Aoy{(t), and shrinkage, Aoy (f). Therefore, the residual

prestressing stress, (1), at a time, ¢, can be calculated according to Eq. 8-10.

o, (t) =0,0~ Aap,e, —Aap’,.e,(t) —Aapﬂ (t)—Aap,Shr (t) 8-10

8.4.1 Losses due to releasing of strands

The instantaneous loss due to strands releasing, Aoj,.;, induced by the concrete elastic
contraction, is evaluated based on the steel-concrete strain compatibility, as depicted in Figure
8-4. Neglecting the prestressing strands eccentricity, the concrete strain, &, can be first
evaluated through Eq. 8-11, and the related stress, o¢, can be derived by multiplying &. by the

concrete modulus of elasticity, E., as reported in Eq. 8-12.

b

iy

v L V
/] /1

Figure 8-4 Focus on the prestressing losses due to releasing of strands.

F p,OL
6 = oL _ (EL’AC + Ep,OAp,Onslmnd) B Fp,O 3 Fp,O _ Fp,O 211
== = = = -
L L (EcAc +Ep,0Ap,0,tot) {E [A 4 Ep,O A J (EcAi)
c| “¢ E . p,0,tot
i
F
Gc:Ecgc:%iO 8-12

1

The corresponding prestressing reinforcement stress, g, s, is then estimated through

Eq. 8-13.

Ops=0p0~ E, Oc=0p,0~ &0 8-13
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Afterwards, by substituting Eq. 8-12 into Eq. 8-13, the instantaneous loss due to strand
releasing, Agp,ei, is obtained through Eq. 8-14:

F, F F
_ _ p0 _ p0 _ p0
=0,0,=0,——=a =

4 Actn Ay Ay 8-14
ae

‘AO’

p.el
'p,0,t0t

where, a. is the ratio between E), o and E., which in turn is defined in Eq. 8-15.

% %
] ools. 1o3aE[-1‘f(')”] ’ 8-15

Considering eccentric strands, the relationships of concrete and prestressing strand

E = EcOaE[ ' lc())n

stresses should be modified for accounting of eccentric pressure, as reported in Eq. 8-16 and
Eq. 8-17, respectively. Hence, the final instantaneous loss due to eccentric strands releasing,

Aop.el, 1s calculated through Eq. 8-18.

F F oo e
p0 , “p0
o, =—"—1% -1
) I y 8-16
Ops=0p 0~ GO0, = & — &, j’ * 17,] 8-17
p,0,tot i i
F 0 F 0" € 0 4. - 32 F 0 F 0
AG =Q.0.=0 Lip’— = L 1_|_ ! =a Lk:#
‘ p.el e“c e Ai 1[ e Ai [i e Ai Ap 8-18

A
ka, Kk

8.4.2 Losses due to steel relaxation and rheological creep and shrinkage effects

The time-dependent prestressing loss due to steel relaxation, Aoy, ref(?), 1s estimated
according to the Eurocode 2 provision (CEN, 2004), as expressed in Eq. 8-19, under the

hypothesis of infinite relaxation time:

Ao-p,rel (t)

quo

107 8-19
1000

t ]u

= 066/)] 0006‘9. I,Up [_

where, p1ooo 1s assumed equal to 2.5% for pre-tensioned prestressing strands, ¢ is the time from
the strands releasing, which is assumed equal to the PC beam service life (10 years = 3650
days), and , is defined as the ratio between the initial prestressing stress, g0, and the un-
corroded prestressing reinforcement ultimate strength, fy.,0.

The rheological effects related to creep and shrinkage are estimated by adopting the
Model Code 2010 recommendations (Ceb-Fip, 2013), as reported in Eq. 8-20 and Eq. 8-21,

respectively.
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Ac,.(f)= gcc(t7tO)Ep,O‘ 8-20

NG, g (1) =[5 (8115 )Ep,O‘ 8-21

Analyzing creep effect, the creep strain, e..( ), is calculated through Eq. 8-22:

o, (z‘,to)

c

e (t.tg)= o(1.1) 8-22

where, o.(t,t), Ec and ¢(t,t)), which stand for the concrete compressive stress, the concrete
modulus of elasticity at the age of 28 days and the creep coefficient, respectively, are evaluated

according to Eq. 8-16, Eq. 8-15 and Eq. 8-23.

(9(t>t0) :(/’bc(t’tO)'l'gﬂdc(t’tO) 8-23

The creep coefficient, ¢(z,1), is then evaluated by summing the contributions provided
by the basic creep coefficient, ps(t,70), and the drying creep coefficient, pac(t,t0), which are
calculated according to Eq. 8-24 and Eq. 8-25, respectively:

2
gobc(t,zo):ﬂbc(fcm)ﬁbc(t,to):[%] In [ 30 +0.035J (t-1y)+1 824
fcm tO,adj
¢dc([’t0):ﬂdc(fcm)/B(RH)ﬂdc(IO)ﬁdc(t’tO) 8—25

where, f0,4q; 1s the adjusted age at loading in days calculated through Eq. 8-26 by assuming: (a)
the coefficient a., which is a coefficient representing the type of cement, equal to 1.0, and (b)
by evaluating the age of concrete at loading in days, #,7, through Eq. 8-27. In detail, the number
of days where the temperature 7 prevails, A#;, and the mean temperature during the period Az,

are assumed equal to 14 days and 22 °C, respectively, for the determination of #, 7.

aC
9
fy o=ty | ——+1 8-26
0,ad j O,T': 2+l(1)} }
4000
to7 = Atiexp| 13.65— ——— }
0T ’p{ 273+T(At,-)} 8-27

Conversely, the contributions Suc(fem), f(RH), Pac(to) and Pac(t,to) for the estimation of
the drying creep coefficient are calculated according to Eq. 8-28, Eq. 8-29, Eq. 8-30 and Eq.
8-31, respectively, by assuming a relative humidity of the ambient environment equal to 65%

and a perimeter, u, of the member in contact with the atmosphere of 900 mm.
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412

Bacfom)=——7 8-28
(fcm)].4
1_521 1_521 1_J¥i
p(RH)= 100 100 _ 100
%/0_1 b 24, 2(bh) 8-29
100 o1 3,900
100 100
ﬁdc(to)=; 8-30
0.1+z8;§dj
7(t%)
(10)
(r-1) ’ _ (r-10) _
,Bdc(t’to) [ﬂh_l_(t_to) ( ) -
1.5 +250at,,, | +(1—1)
u
r 1— 8-31

Considering shrinkage effect, the total shrinkage strain, (%), is calculated through
Eq. 8-32 by summing the contributions provided by the basic shrinkage, ecss(f), and the drying
shrinkage, ecqs(t,1s). Specifically, the variable 7 and #, stand for the concrete age in days and the

concrete age at the beginning of drying days, which is set equal to 7 days.

Ees (t>ts) = Ecbs (t)+gcds (t’ts) 8-32

The basic shrinkage, ecs(f), is evaluated through Eq. 8-33 multiplying the basic
notional shrinkage coefficient, e.ps0(fem), — calculated according to Eq. 8-34 by fixing the

coefficient ass equal to 600 — and the time function, fs(¢) — estimated via Eq. 8-35.

Ecbs(t)z Eebs0 (fcm)ﬁbs (t) 8-33

01f, |7
Ecbs0 (fcm) = s [ﬁ] 107 8-34
P (1) =1=exp(~0.24 | 8-35

The drying shrinkage, ecas(,1s), 1s calculated through Eq. 8-36 multiplying the notional
shrinkage coefficient, e.qs0(fem), the coefficient fry(RH), and the function fus(¢-#5). These latter
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factors are evaluated through Eq. 8-37, Eq. 8-38 and Eq. 8-39, respectively, by assuming the
coefficients aq1 and ag2 dependent on the cement type equal to 6 and 0.012. In detail, the
coefficient fru(RH) considers the effect associated to the ambient relative humidity, while the

function fus(-ts) describes the time-development.

Eeds (t’ts) =&eds0 (fcm)/g(RH)ﬂds (t _ts) 8-36
&eas0(fom) :[ (220-+ 110051 )exp(~algsa fom )J 107 8-37
3 0.1
1.55{1[ﬁ]] 40£RH<99%(3—5]
100 Jem
B(RH)= 8-38

0.1
025 RH> 99%[ 3 ]

cm

Bas (rts)[(t—t“))] | 8-39

0.035h% + (¢ ~t,
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8.5 Effects of corrosion

8.5.1 Corrosion levels estimation

The proposed analytical model is designed to be dependent on a single sectional input
parameter, which is the maximum penetration depth of the most corroded wire, Puax. In this
context, the main steps for the quantification of the corrosion effects are highlighted in Figure

8-5.

Corrosion pattern
Corrosion level PB4PS \U
1dentification based on : = —2

visual inspection 1 —

‘ 0.90

LV-11I1 *¥

. X 0.70

P,...05€valuation as a function of - 0w

four different scenarios = 050

2 040

0.30

0.20

Corrosion parameters 010

° o 0.00 -
(Pav,()j, Ho5» 770.5) estimation 0 05 1 /15 2 25 3 35 4 45 5
as a function of P, 5 P [mm]
2000
1800
— 1600
. . . & 1400
Evaluation of residual mechanical === S 100
response of corroded strands by o 1000
adopting SCPS-model A zgg
Z 400
200 ‘ —High corrosion scenario

0

0 001 002 003 004 005 006
Strain, ¢ [-]

Estimation of ultimate bond strength (Wang model)
and increased transmission length (Anaya model)

Calculation of residual Calculation of residual
flexural capacity shear capacity

Figure 8-5 Flowchart for the quantification of corrosion effects.
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At each section of analysis, a corrosion scenario is first determined based on the
corrosion pattern of the analyzed PC beam. In detail, four different scenarios are defined:

=  The un-corroded scenario: denoted with LV-0;

= The low corrosion scenario: represented with blue colour in the corrosion
pattern and denoted with LV-I in Table 8-1;

» The intermediate corrosion scenario: represented with green colour in the
corrosion pattern and denoted with LV-II in Table 8-1;

= The high corrosion scenario: represented with red colour in the corrosion
pattern and denoted with LV-III in Table 8-1.

Once the corrosion scenario is defined, the related maximum penetration depth is
attributed by assuming the fractile value at 50%, Puaxo0.5, of the maximum penetration depth
derived by the Lognormal distribution function of the associated corrosion level. To this end,
the available corroded prestressing strands were preliminary divided into one of the four
corrosion levels. Afterwards, for each corrosion scenario, the measured maximum penetration
depths were statistically analyzed by adopting a Lognormal distribution function, resulting in
the PDF and CDF distribution functions reported in Figure 8-6. Finally, the mean value (fractile
value at 50%) was assumed as the conventional maximum penetration depth of the
corresponding corrosion level. For the sake of clarity, the maximum penetration depth, Ppax0.5,
and the relative normalized value, Puax.0.5/7outer are listed in Table 8-1 for the different corrosion
scenarios considered. It is worth noting that different maximum penetration depth values, Pax,
can be adopted as input parameters of the analytical approach without altering the effectiveness

of the proposed procedure.

Table 8-1. Maximum and average pit depths for the different corrosion scenarios considered.

Corrosion Corrosion scenarios

geometrical

features LV-0 LV-I LV-1I LV-III
Puax05 0.00 0.052 1.13 1.75
Pmax,O.S/"outer 0.00 0.024 0.53 0.82
Pav,l].S/router 000 0006 024 047
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Figure 8-6 Lognormal distribution function of maximum penetration depths for different corrosion
scenarios: (a) PDF and (b) CDF with a focus on fractile value at 50%, Pax0.5.

8.5.2 Evaluation of corrosion parameters

Once the normalized maximum penetration depth 1s known, Ppax,0.5/7ourer, the related
corrosion parameters in terms of cross-sectional loss, o5, and mass loss, 705, are evaluated as
a function of the residual cross-sectional area of the corroded wires composing the strand. To
this end, a sectional normalized average penetration depth, Pay,0.5/Fouer, 1s first assigned to the
external wires, except for the most corroded one, based on transversal pitting spatial
morphology outcomes through Eq. 8-40. The obtained Puy,0.5/Fouer values for the different
analyzed corrosion scenarios are reported in Table 8-1. Referring to the inner wire, the proposed
analytical approach generally allows to input a maximum penetration depth, Piuer0.5. However,

based on the experimental evidence — previously highlighted in Chapter 6 —, no corrosion signs

8-15



Analytical approach for the assessment of corroded PC beams

were detected for the inner wires of the analyzed corroded samples. Therefore, in the following

model validation, Pinner,0.5 1S assumed to be null.

2
P P
av,05 -0 387[ maxOS] +0.25 max,0.5 8-40

router rﬂlltel router

Second, the residual cross-sectional areas, 4w, outer.corr0.5, 0f the most corroded wire and
the remaining external wires are evaluated through Eq. 8-41 and Eq. 8-42, respectively, as a
function of Puax.0.5/Fouter and Pay.0.5/Tower, Whereas the cross-sectional area of the inner wire is

assumed equal to the un-corroded area, A, inner,0.

P
[1 0.303 ma"OSJAwWo 0.0 < %03 033

Touter Touter

A

w,outer ,corr,max,0.5 —

» 8-41
0.9-0. 539[&05 0.33] A outerg 03352203 <200

7

Touter outer

Touter Touter

P P
1-0.303 “V’O-S] Apoutern 0.0<=222 2033
4

w,outer ,corr,av,0.5 —

P
0.9- 0539[ @v.0.5 0.33] Apoutero 0:33<-202.<2.00

Touter Touter

Thereafter, substituting Eq. 8-40 into Eq. 8-42, the residual cross-sectional area of the

entire strand, A corr0.5, 1 estimated through Eq. 8-43, as a function of Pax,0.5/Fourer Only.

2
P P P P
Ay inner.0 + Awouter 0 1—0.303“““] +5 1—0.303[0.378 max03 4025 max’°‘5] man03 < .33

rONlEV rz)uter router router

2
P P P
Ap.corr0.5 = Awimner.0 + Aouter,0| | 0.9 0539[ max,0.5 0.33]]+5 1—0.303[0.378 ma03 1025 m”’“] 033 <2203 < 66

Ollt€) router rDM!@)‘ rauter

A

I, I I, I,

outer outer outer outer

2
P P P
vinner.0 + Ay outer 0| | 09— 0539[ maz.0.5 0‘33J]+5 0.9-0.539 [0.378 ma03 10,25 ““a*’o-s]—o.n 03 50,66

8-43

Third, the cross-sectional loss, w5, of the corroded strands can be immediately

estimated by adopting Eq. 8-44:

A g—A A
_4p0 p,corr,0.5 _ “'p,loss,0.5
Hos == = 8-44
0 0

where Ap, 1055 1S the prestressing strand cross-sectional area loss due to pitting.

Since the corrosion levels of prestressing reinforcements are assigned via visual
inspection and are assumed constant along a fixed length, Lisspecred, — €qual to 500 mm for the
investigated PC beams —, a homogeneous corrosion can be assumed along this length, as

highlighted in Figure 8-7. Consequently, the same normalized maximum penetration depth,
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Prax,0.5/Fouter, 1 assumed along Linspecrea. Hence, by adopting a steel density, pieer, €qual to 7850
kg/m? for both corroded and un-corroded prestressing strands, the cross-sectional loss, o5, and
the mass loss, 7.5, values coincide and an univocal decay trend can be adopted, as shown in

Figure 8-7 and as expressed in Eq. 8-45.

my 0= Mp corr,0.5 _ psleelLinspectedAp,O - psteelLinspected Ap,corr,O.S _

Mos =
mp.0 psteelLinspected 4 ,0
8-45
_ psteelLinspected (Ap,O - Ap,corr,O.S) _ (Ap,O - Ap,corr,O.S) = 4
- - —H0S
Psteel Linspected Ap,U Ap,O
PB4P8
[4
] ] ]
Corrosion pattern

Example for corrosion level LV-III

500=L

v inspected

N
N

______________________ ] om Pracos

BASIC ASSUMPTION:
Along the visually inspected length 500
mm long the same corrosion level is
assumed (homogeneous corrosion)

PDF [-]

Each section is characterized

by the same maximum
) 0.00
penetration depth, P, s 0 05 1 15 2 25 3 35 4 45 5
(pitting corrosion) P [mm]

_ mp o0~ Mp corr,0.5 _ psteell‘inspectedAp,O B psteelLimpectedAp,corr,O,S _
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psteelLinspected (Ap,O - Ap,corr,Oﬁ) (Ap,O - Ap,cor'r,045 )
45° pstee/LinspectedAp,O Ap,O

T >

Hos

Figure 8-7 Focus on the correspondence between cross-sectional loss and mass loss of a corroded
strand along the visually inspected length, Linspeciea.

Although the proposed relationship might seem too conservative in reproducing the
real in-service PC beam condition, especially in the case of localized corrosion, it should be
considered as a preliminary approach to evaluate the corrosion effects of PC elements subjected
to chloride-induced corrosion. Of course, by conducting more accurate visual inspections and
a more discretized strand corrosion level assessment, the corrosion level approximation can be

improved and a more efficient mass loss vs cross-sectional loss relationship can be defined.
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8.5.3 Residual mechanical properties of corroded prestressing strands

The SCPS-model is adopted to predict the sectional residual mechanical behaviour of
corroded prestressing strands.

Referring to the maximum penetration depths associated to the selected corrosion
scenarios, defined in Section 8.5.1, different stress-strain relationships are evaluated, as
reported in Figure 8-8. For the sake of completeness, the expression for the prediction of the
residual mechanical response of the entire corroded prestressing strand by adopting the
equivalent spring model can be found in Eq. 7-25.

Afterwards, a residual stress-strain relationship is sectionally assigned to prestressing
reinforcements as a function of the corrosion pattern of the analyzed corroded PC beam.
Although the prestressing strands may exhibit variable corrosion levels at the analyzed section,
the analytical approach conservatively attributes the highest sectional recorded corrosion level
to all strands. Moreover, since the effective stress redistribution of corroded strands, having
different corrosion levels, cannot be determined a priori, the latter assumption is considered
reasonable. This conservative assumption is also confirmed by the research conducted by
Haefliger & Kaufmann (2022), who pointed out that an average sectional corrosion level
attribution does not correctly approximate the residual mechanical response of a corroded
element. Indeed, the corrosion level variability associated with the effective combination of
number of corroded or un-corroded strands play a key role in the structural element assessment.
Hence, the need of a specific and accurate detection of the strands corrosion spatial distribution
along the overall element length is further underlined. For the sake of clarity, Figure 8-9 shows

the residual mechanical response attribution process in the case of beam PB3P11.
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200 ; . ;
— High corrosion scenario
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Figure 8-8 Residual mechanical response of corroded strands having different corrosion levels.
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Figure 8-9 Sectional residual mechanical response assignment to corroded strands as a function of PC
beam corrosion pattern: example for beam PB3P11.

8.5.4 Reduced prestressing force

In existing PC structures exposed to aggressive environments over service time, the
reduction of prestressing stress and, therefore, of the relative prestressing force, Fj0, due to
chloride-induced corrosion has been documented. In the case of corroded pre-tensioned PC
elements, particular attention should be addressed in the evaluation of two distinct occurrences:

= The ultimate bond strength reduction, 75, caused by the prestressing steel-
concrete interface properties degradation;

= The transmission length increase, L;, due to reduction of surrounding concrete
confinement.

Indeed, bond decay as well as transmission length variation due to corrosion process
have a key role in the residual shear capacity of a corroded PC beam. In particular, their rapid
degradation may lead to a premature and unexpected failure over time, characterized by the

absence of warning signs.

8-19



Analytical approach for the assessment of corroded PC beams

8.5.4.1 Transmission length variation

According to the Eurocode 2 (CEN-EC2, 2004), the transmission length, also known
as transfer length, is defined as the distance from the free-end of the beam necessary to transmit
the fully effective prestressing-force to the surrounding concrete. Conversely, the ACI
Committee 318 (2019) identifies the transmission length in a pre-tensioned member as the
length of embedded pretensioned strand necessary to transfer the effective prestress to concrete
through bond mechanism from the edge of the beam at the section where the effective prestress
is fully developed.

Neglecting corrosion, several provisions for the transmission length quantification,
L0, have been proposed in design codes and guidelines. The most adopted formulations refer
to the simplified expressions provided by AASHTO LRFD (2017) and the Korean design code
for highways bridges (KDCHB) (2015), which estimate L;o equal to 60 times and 50 times the
un-corroded diameter of the prestressing strand, ¢ey,0, respectively. More refined formulations,
provided by other codes or guidelines such as Eurocodes, can be found in Jeon S. et al. (2019).

In the case of pre-tensioned structures, the transmission length is a crucial parameter
for identifying bond properties. Indeed, as pointed out in the Eurocode 2 (CEN-EC2, 2004) and
in the Model Code 2010 (Ceb-Fip, 2013), L;o can be considered as inversely proportional to the
average bond stress, 75, which in turn is defined as a function of the radial stress existing at the
interface and the friction coefficient between concrete and steel. In this context, the Hoyer
effect, which is the mechanism allowing the prestressing force to be transferred to the concrete,
play a fundamental role. In fact, a variation of the original radial stress is caused by the strand
releasing, resulting in an alteration of prestressing stress. As highlighted by Anaya et al. (2022),
after the strand releasing, the initial prestressing stress reduces and the prestressing strand tends
to expand laterally to recover its original state. As a result, the friction mechanism between steel
and concrete is activated by the combination of the prestressing strand expansion mechanism
and the opposite mechanism performed by the surrounding concrete.

The extensive experimental campaigns carried out in the last decades highlighted that
the material and geometrical parameters in terms of concrete strength, f.,, concrete cover, c,
strand and wire diameter, ¢e40, and initial prestressing stress, oy, are the most relevant
parameters affecting the transmission length of pre-tensioned PC elements, (Balazs, 1992;
Mitchell et al., 1993; Oh et al., 2014). Referring to these latter parameters, Anaya et al. (2022)
proposed a simplified expression, calibrated on experimental outcomes, for the evaluation of

the un-corroded transmission length, Lo, as expressed in Eq. 8-46. Considering the properties
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of the investigated PC beams, i.e. a concrete cover thickness equal to 50 mm, a concrete
compressive strength equal to 45.4 MPa, an initial prestressing stress of 1408 MPa, and an
equivalent strand diameter equal to 12.9 mm, L, results equal to 726 mm that is equivalent to

approximately 56 times ®eq,0.

p

g 2 8-46
LN S
¢eq,0 -

Considering the corrosion process, the transmission length is primarily affected by the
expansion pressure induced by the rust products formation. Indeed, for severe corrosion levels,
the expansion pressure increase may lead to concrete damages such as longitudinal splitting
cracks formation even to concrete cover spalling, which directly impact the surrounding
concrete confinement effect. Therefore, increasing the expansion pressure, the concrete
confinement proportionally reduces, resulting in a relevant increase in the transmission length,
L:corr. Nevertheless, limited studies have been conducted to analyze and quantify the
transmission length in the case of corroded scenarios. Belluco et al. (2021) proposed an
analytical model for the evaluation of L. by taking into account the contribution of the
corrosion products pressure in the estimation of the total radial pressure and a modified friction
coefficient dependent on the depth of corrosion attack. However, as pointed out by the authors,
no results are available in scientific literature to provide a relationship between the friction
coefficient and the depth of corrosion attack in the case of tensioned strands. Consequently, the
model assumed a simplified law based on an arbitrary coefficient. Because of the significant
results variability due to this arbitrary assumption, the previous model was not considered
sufficiently reliable for the prediction of the corroded transmission length, L;corr.

Anaya et al. (2022), conversely, proposed an analytical approach for the evaluation of
the corroded transmission length calibrated and validated on experimental outcomes on
corroded wires. Moreover, simplified expressions were provided based on a parametric analysis
carried out by varying the mechanical and geometrical variables governing the formulations.
Although the authors highlighted that the predictive ability of the expressions must be further
validated due to the absence of experimental activities investigating the topic, the proposed
simplified approach was considered as an appropriate preliminary starting point for quantifying
the corroded transmission length, L;co, of prestressing reinforcements.

According to the model, L; . 1s evaluated by adopting Eq. 8-47:
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Lt,corr = ’d‘t,O 8-47

where x is a dimensionless coefficient that counts for corrosion effects and it is estimated
through Eq. 8-48 as function of (i) the prestressing strand cross-sectional loss, w5, (i1) the
threshold cross-sectional loss, tuim s, and (iii) the parameter Vs, as graphically highlighted in
Figure 8-10. The coefficient V4 represents the rate of growth of the transmission length, and it
is assumed to remain constant through the corrosion process, as reported in Eq. 8-49. This
parameter was found to increase with the increase of the initial prestressing stress and the
concrete compressive strength, and with the decrease in the cover / diameter ratio. The threshold
cross-sectional loss, tuim1s, 1s estimated by adopting Eq. 8-50 and it was demonstrated to
increase with the increase of the cover / diameter ratio, and with the decrease in the initial
prestressing stress, (Anaya et al., 2022). According to Eq. 8-48, the transmission length remains
constant until the threshold cross-sectional loss, pim1s, 1s exceeded. Thereafter, L;cor linearly
increases with a slope equal to Vs based on the difference between the actual corrosion level

— represented by w05 value — and the threshold cross-sectional 1oss, tim,L:.

K =1+ (25 = thim 12 )V = 1.0 8-48

ﬂ Vdet

vx

0 Hiimre  Hos

Normalized corroded transmission length [-]

Cross-sectional loss, u [%]

Figure 8-10 Normalized corroded transmission length according to the simplified approach proposed
by Anaya et al. (2022).
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8.5.4.2 Ultimate bond strength reduction

Bond resistance at steel-concrete interface is a crucial contribution for the durability
and the ultimate capacity of RC and pre-tensioned PC beams, whereas the transmission of
prestressing force in post-tensioned PC beams is mostly governed by end anchorage systems,
(L. Wang et al., 2018). The bond resistance in RC and pre-tensioned PC elements is attributed
to three contributions: (i) adhesion, (ii) friction, and (iii) mechanical interlock. Adhesion
contribution commonly disappears as soon as the reinforcements start to slip, while friction and
mechanical interlock become the governing factors.

Although several studies have been conducted in the last years on the quantification
of the corrosion effects on the ordinary reinforcement bond resistance, (Lin et al., 2019;
Tondolo, 2015), a limited number of works focused on corroded prestressing reinforcements,
(Dai et al., 2020; L. Wang et al., 2016, 2017, 2018). For low corrosion levels, the available
models agree in defining a first increase in bond resistance induced by the beneficial friction
contribution, which is enhanced by the greater roughness of deteriorated prestressing steel as
well as by a higher confinement provided by the increased concrete pressure. For high corrosion
levels, on the contrary, the bond resistance decreases. The available models, conceived on
experimental outcomes, differ from each other for the critical mass loss, #:im, value at which the
bond stress starts to decrease. Wang et al. (2017) first proposed a simplified model to describe
the progressive bond degradation at steel-concrete interface by analyzing the experimental
outcomes of 10 pull-out tests, characterized by corrosion level variability. As shown by the
black curve in Figure 8-11, the normalized bond strength, R, results unaffected by corrosion
until the critical mass loss equal to 6% is not exceeded, thereafter, an exponential decay law is

assumed, as expressed in Eq. 8-51.
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| 2.03¢7 11805 5> 6%

8-51

The same authors successively performed beam tests on nine corroded pre-tensioned
PC beams, (L. Wang et al., 2018). Based on the obtained results, an updated simplified model
was defined as in Eq. 8-52. The new normalized bond strength, R, is unaffected by corrosion
until the 7, value equal to 4.4% is not exceeded, thereafter, a linear decay law was introduced,
as highlighted by the orange curve in Figure 8-11. Differently from Wang et al. (2017), the
modified model can be applied up to a mass loss value, 70.5, approximately to 24%.

F1-0.0512(mg 5 ~ i ) 44% <1705 < 24%

8-52
Nevertheless, the effect of corrosion-induced crack and the confinement role of
stirrups significantly impact the bond resistance at steel-concrete interface. As pointed out by
Wang et al. (2018), before the reaching of cracking load, corrosion marginally affects the bond
stress, thereafter, the bond decay is severely impacted by both concrete cracking and strand
corrosion level. The confinement role of stirrups, on the other hand, is crucial for delaying the
bond decay induced by concrete cracking, (L. Wang et al., 2017). In this context, it is worth
nothing that three types of failure mode can be observed during pull-out tests: (a) strand pull-
out failure, (b) strand fracture failure, or (c) splitting of concrete failure. The presence of an
appropriate concrete cover thickness (having a cover / strand diameter ratio higher than 4.5)
and the presence of stirrups with regular spacing are generally sufficient to provide the strand
confinement during pull-out testing and to avoid splitting failure mode. For PC elements
without stirrups, the bond stiffness and strength decrease immediately after concrete cracking,
since the strand confinement is provided by the deteriorated concrete only, resulting in a high
probable premature splitting failure mode. As a result, the analytical approaches — previously
introduced — fail in predicting the residual bond strength, leading to unconservative outcomes.
To fill the gap, the present Thesis proposes an analytical model for the estimation of
the normalized residual bond strength for PC elements without stirrups, R». To this end, the
experimental data from the pull-out tests performed by Wang et al. (2017) are considered.
According to the proposed model, a single exponential decay law is provided as reported in Eq.

8-53 and graphically shown by the red curve in Figure 8-11.
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R2 26—0,13317045 8_53

As it is visible through the comparison with the other approaches, the main novelty
consists in the absence of a critical mass loss value, 7. Indeed, as previously pointed out, for
PC elements without the confinement contribution provided by stirrups, the bond stiffness and
strength start to decrease immediately after the concrete cracking. Considering corrosion, it is
reasonable to assume that the contribution of the deteriorated concrete is marginal, as confirmed
from the visual inspection of the available naturally corroded PC beams analyzed in the present
research, which were characterized by longitudinal splitting cracks formed during in service
conditions.

Finally, once the normalized residual bond strength is known, R;, the related effect on
prestress loss, op,cor(?), is considered by reducing the effective prestress, g,(f), proportionally to
the decrease in ultimate bond strength, according to Eq. 8-54.

Ro), (t) pull —out — test(stirrups)
Op corr (t)z Ro, (t) beam — test 8-54
Ryo, (t) pull —out — test(no - stirrups)

Although this assumption should be further validated by means of ad-hoc experimental
activities, considering the lack of available works in the scientific literature dealing with this
issue, the proposed approach can be considered as a preliminary simplified relationship useful
to determine the corrosion-induced prestress loss in PC elements and to address the issue to
scientific community attention. As a result, the reduced prestressing force, Fj,con(f), can be

quantified through Eq. 8-55.

Fp,corr (t) = O-p,corr (t)nstrandAp,O 8—55
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A Exp. Data from beam test
® Exp. Data from pull-out test without stirrups
—Simplified model Wang et al. (2016)
Updated model Wang et al. (2018)
——Proposed model for PC beams without stirrups

Figure 8-11 Normalized bond strength decay laws.

For the sake of clarity, it is worth noting that each of the analytical approaches
introduced for estimating the residual bond strength are implemented in the proposed analytical
model for the assessment of corroded PC beams. Nevertheless, since the model validation is
conducted on the naturally corroded PC beams without transversal reinforcement previously

investigated, the normalized reduced bond strength, R», reported in Eq. 8-53 is assumed.
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8.6 Calculation of the residual flexural capacity

The residual flexural capacity of un-corroded and corroded PC beams is analyzed
through the definition of a simplified moment-curvature approach. In detail, the following
constitutive laws are adopted in the proposed simplified model:

= The concrete compressive mechanical properties in terms of average
compressive strength, f.., strain at peak load, €co, ultimate compressive strain,
equ, and modulus of elasticity, E., are defined according to the bi-linear
relationship (triangular-rectangular trend) provided by the Eurocode 2 (CEN-
EC2, 2004) and the Model Code 2010 (2013), as expressed in Egs. 8-15 and
8-56, and graphically reported in Figure 8-12.

J;fm %0 for <C50

c

ot} 8-56
%%U-FO.SS[ (fom —58)/40} %o for>C50

c

Figure 8-12 Simplified constitutive law for concrete in compression and in tension.

= The concrete tensile mechanical properties in terms of average concrete tensile
strength, fem, is evaluated according to the expression provided by the
Eurocode 2 (CEN-EC2, 2004) and the Model Code 2010 (2013), as expressed
in Eq. 8-57.
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i O.S(fck )2/3 c.grades < C50
| 21210g(140.11,,,) c.grades > €50 9.57
fck = fcm -8

The mechanical properties of prestressing strands are estimated by adopting
the SCPS-model. For the sake of clarity, the stress-strain relationship in the

case of un-corroded scenario is graphically reported in Figure 8-13.

A B _
o, [MPa] fono = 07 fpuo
f 0 C fpy’o = 0-882fpu,0
pu,
Jovo Og==3 ” Eppo = 07 puo
Y, pD,
et Epo F
pP,O Ep)() — gpy,o — 1 %
E = fpy,O B fpno
p.0 — _
\E (/] €py,0 ~ Epp,0
&
0 PO 817)”0 L=y E' = fpu,O - fpy,O
0= T .
€pp,0 €pu,0 P €pu,0 ~ Epy,0

Figure 8-13 SCPS-model for un-corroded prestressing strands.
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8.6.1 Simplified moment-curvature approach

8.6.1.1 Basic assumptions
The simplified moment-curvature approach consists in the definition of a quadrilinear
trend, as shown in Figure 8-14, characterized by five critical points, denoted as A>’— A—B - C
and D, which stand for the following conditions:
1. Point A’: reaching of the full prestressing stress;
2. Point A: reaching of the tensile concrete strength;
3. Point B: reaching of the proportional limit in the stress-strain relationship of
prestressing strands (€p,0; /pp,0);
4. Point C: reaching of the yielding point in the stress-strain relationship of
prestressing strands (&py,0; fpy,0);
5. Point D: reaching of the ultimate limit state in the stress-strain relationship of

prestressing strands (&,.,0; fpu,0) Or concrete crushing (gcu; fom).

A A A M [kN-m]

h2 d,

M, D
fffffffffffffffffffff G | M
Mg 5 C
h e MA "\
,,,,,,,,,,,, I ,,14,,,,,,,“,,, Yy
p,0,tot ,

b (xa» 0) X8 Xc XD

Figure 8-14 Simplified quadrilinear trend for the definition of the sectional moment-curvature diagram
of a prestressed concrete beam.

To completely define the sectional moment-curvature diagram highlighted in Figure
8-14, simplified assumptions are made:
= The geometrical centre of gravity, G, is assumed to be coincident with the
mechanical centre of gravity, i.e. G is assumed equal to 4#/2 where / is the cross-
sectional height. Therefore, the eccentricity of prestressing reinforcement, e,
can be evaluated as the difference between d,, which is the effective depth of

reinforcement, and //2;
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The tension-stiffening effect is roughly considered by connecting the events A,
B and by taking into account the concrete tensile strength;

The resistance contribution provided by ordinary longitudinal reinforcements
in tension and compression is neglected, since it is assumed that the major
resistance contribution is due to prestressing reinforcement;

The hypothesis that plain sections remain plain is considered through the
compatibility relationship reported in Eq. 8-58 (Eulero-Bernoulli behaviour):

Ep—Ep0)X  Ag,x
R

where, x is the neutral axis, ¢, is the prestressing strand strain (or concrete

strain), while &0 s the strain due to prestressing stress;

The self-weight of the structural element is neglected;

The ductility can be estimated once the ultimate and yielding curvatures are

known. When the prestressing reinforcement are in their elastic branch, the

ductility is assumed to be null;

The corrosion effect is introduced by predicting the residual mechanical

properties of corroded strands in terms of ultimate corroded strength, fou corr,

and ultimate corroded strain, &pu,corr, by using the SCPS-model. As previously
pointed out, according to the corrosion level, three corrosion scenarios can
occur:

o Low corrosion, where the hardening phase of the stress-strain relationship
is reduced. In this case, the point ¢ in Figure 8-13 is defined by the pair-
value (&pu,corr: fou,corr), as highlighted in Figure 8-15(a);

o Intermediate corrosion, where the hardening phase cannot develop, and the
stress-strain relationship of corroded strands reduces to a bi-linear trend. In
this case, points b and c of the stress strain relationship coincide and are
equal to the pair-value (pu,corr; fou.corr), as highlighted in Figure 8-15(b);

o High corrosion, where only the linear elastic phase in the stress-strain
relationship of corroded strand develops. In this case, the point a, b, and ¢
coincide and are equal to the pair-value (&pu,corr; foucorr), as highlighted in

Figure 8-15(c).
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Figure 8-15 Corrosion scenarios and residual mechanical response of corroded strands by adopting
SCPS-model: (a) low corrosion, (b) intermediate corrosion, and (c) high corrosion.

8.6.1.2 Critical mechanical reinforcements ratios and cross-sectional failure cases

The ductile or brittle failure mode of the analyzed cross-section is determined as a
function of the critical mechanical reinforcement ratios, which play a key role in the definition
of the possible failure cases:

- Failure Case “1”: Cross-section with low reinforcement level (under-reinforced
section). The failure mode is associated to the achievement of the prestressing
reinforcement ultimate strain, whereas the concrete compressive ultimate strain is
not yet reached. This type of failure mode can occur in the case of (i) a cross-
section with a low reinforcement percentage and/or (i1) a cross-section
characterized by a significant corrosion level, resulting in a sensible reduction in
the prestressing reinforcement ultimate strain, gpu,cor, Figure 8-16(a);

- Failure Case “2”: Cross-section with intermediate reinforcement level (balanced

section). The failure mode is balanced and is characterized by the reaching of the
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concrete compressive ultimate strain with plasticized prestressing reinforcement,
Figure 8-16(b);

- Failure Case “3”: Cross-section with high reinforcement level (over-reinforced
section). The failure mode is characterized by the reaching of the concrete
compressive ultimate strain with prestressing reinforcement in the elastic phase,

Figure 8-16(c).

(a) Failure Case 1 (b) Failure Case 2 (c) Failure Case 3
Eu €0 gpy,O gpu,O Eu €0 . gpy,O gpu,O Eu €0 . gpy,O gpu,O
’ ’ R R frvssssesereeceonecs o -- S T S fonenaneene
| 1 | ! | !
! | ! | ! !
h/2 d, [ i | i I i
1 | | ) : | :
1S, Lo | 1\ i 0 i
‘ I [ I i I i
| i | : | :
h | |© | i . a . a
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| . ! i a l a
i o . S s L e
: < > i ‘I <—'><—> : «— e :
b €50 Agpu €50 Agp €0 Aep
\ J \ J \ J
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Failure mode: Failure mode: Failure mode:
Strands rupture and concrete Concrete rupture and Concrete rupture and strands
with elastic behaviour plasticized strands with elastic behaviour

Figure 8-16 Identification of the cross-sectional failure cases: (a) Failure Case 1, (b) Failure Case 2,
and (c) Failure Case 3.

The failure cases identification depends on the evaluation of the critical mechanical
reinforcement ratios, which are defined as a function of the reinforcement percentages and the
critical strain values. The prestressing reinforcement mechanical reinforcement ratio, wp, — to
be compared with the critical mechanical reinforcement ratios associated to the different failure
cases — is calculated according to Eq. 8-59.

_ AposorSpy0
P fbd,

The critical mechanical reinforcement ratios that identify the threshold limits between

8-59

the failure case 1 and 2, w1, and between the failure case 2 and 3, w3, can be quantified through

Eq. 8-60 and Eq. 8-61, respectively:
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o = ﬂ“gcu fpuao — ﬂ“‘c"cu fPU,O
(gpu,O —&pot gcu) fP}CO £ 0 Op (t) ve fpy,O 8-60
u, cu
g Ep,O
A&y,
N 8-61
(gpy,O - gp,O + gcu)

where 4 is assumed equal to 0.8 and corresponds to the reduction parameter associated to the
concrete compression ‘“‘stress-block”, and the prestressing stress, o,(¢), is calculated by
subtracting the prestressing losses, according to Eq. 8-10.

It is worth noting that the actual simplified moment-curvature diagram needs to be
determined based on the expected failure case, which is estimated through the comparison
between the prestressing reinforcement mechanical reinforcement ratio, w,, and the critical
mechanical reinforcement ratios w; and w3, as follows:

o If wp< wi, the Failure Case 1 is expected;
o If w1 < w,< ws, the Failure Case 2 is expected;
o If w,> w3, the Failure Case 3 is expected.

Considering corrosion, the previous expression must be modified to identify the
correct Failure Case. Indeed, for the low corrosion scenario where the stress-strain relationship
of the corroded strands is still characterized by the development of a reduced hardening phase,
the expressions remain almost unaffected, except for the prestressing stress reduction. For
intermediate and high corrosion scenarios, on the contrary, the hardening phase in the stress-
strain relationship cannot develop. Therefore, the un-corroded values of yield strength and
strength in correspondence of the proportional limit should be assumed equal to the corroded

ultimate strength, fpu,corr, resulting in a fyu,0/fpy.0 ratio equal to 1.0.

8.6.1.3 Analytical approach for the un-corroded scenario

In the following paragraphs, the theoretical expressions for the definition of the
sectional moment-curvature diagram are illustrated for the different failure cases. Note that the
analytical formulations for points A’ and A of the moment-curvature diagram are the same for

the different failure cases considered.

8.6.1.4 Failure Case “1”
The failure mode of Failure Case “1” is ductile. The first point of the simplified
moment-curvature diagram, denoted as point A’, corresponds to the achievement of the full

prestressing stress with the development of the related negative deflection at beam-span. The
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corresponding moment, M, due to prestressing force, F)o, can be, therefore, evaluated

according to Eq. 8-62:

Mp,O = p,Oe = (nstmndAp,OGp (t))e = (Ap,O,totGp (t))e 8-62

where A,,01s the un-corroded area of a strand, nguna 1s the number of prestressing strands at the
analyzed cross-section, and Apo: 1s the overall un-corroded area of prestressing
reinforcements. Since the self-weight is neglected, the bending moment in correspondence of
point A’, My, is assumed to be null, whereas, the related curvature, y., is evaluated through
Eq. 8-63, by assuming a cross-sectional linear-elastic behaviour:

Fpee __ (AP,O,totap (t))e
Ecli Ec[i

8-63

X, =

where /; is the second moment of inertia of the concrete cross-section, estimated through Eq.

8-64, by adopting the coefficient a. equal to the ratio £, o/E..

b 2
L=+ Ay 0,0 (d, ~0.5h) 8-64

1

The total cross-sectional area, A4; is evaluated according to Eq. 8-65, where the concrete
cross-sectional area, 4., is the product between the beam width, b, and the beam height, 4,

respectively.
A=A+ Ap,O,tolae =bh+ Ap,O,totae 8-65

Thereafter, by assuming the general linear-elastic expression for a cross-section
subjected to combined compressive and bending stress, the concrete stress at bottom, o5, and

top, ocr, layer are calculated according to Eq. 8-66 and Eq. 8-67, respectively.

F M, o h

p,0 p,0
P X e U 8-66
T4 L2

F M. oh

p,0 p,0
O, =————+——"—— -
c,t A Il. 2 8 67

1

As highlighted in Figure 8-17, the first term corresponds to the constant contribution
provided by axial force due to prestressing, while the second one stands for the contribution
induced by the prestressing strands eccentricity, e.

Finally, once o.: and o, are known, the longitudinal strain at mid-height of the

effective shear depth, ¢, 4, at point A’ can be estimated by adopting Eq. 8-68.
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Figure 8-17 Principle of superimposition: sectional contributions due to (i) prestressing force, (ii)
moment due to prestressing and eccentricity of strands, and (iii) acting bending moment.

For point A evaluation, the additional contribution provided by the concrete tensile
strength, f..m, should be considered. In detail, the concrete stress at the bottom layer can be

quantified through Eq. 8-69, by adding the contribution of the acting bending moment, Mga.

F,o Myoh Mg, h
p0 _Tp0lt Mpa R 8-69
A I 2 I 2

1 1

Och™=

Thus, the corresponding bending moment at point A, My, at the achievement of a

concrete stress at bottom layer, o5, equal to the concrete tensile resistance, fem, 1s calculated
by reversing Eq. 8-69, as reported in Eq. 8-70.

4 L 2

1

21 F,o M,oh
MA:7’[fctm+ Py Lo 8-70

Finally, once M, is known, the related curvature, y4, and the longitudinal strain at mid-

height of the effective shear depth, &4, can be estimated through Eq. 8-71 and Eq. 8-72,

respectively.
_My 1
X4 El 8-7
F
___.p0 _
gx,A E A 8 72

cl

On the contrary, the point B corresponds to the achievement of the proportional limit

in the stress-strain relationship of prestressing strands (epp,0; fpp,0). It is worth noting that a
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concrete linear behaviour is assumed. From the equilibrium condition of the concrete cross-

section, Eq. 8-73 is derived.

1
bel,Bchc = Ap,O,lotfpp,O 8-73

Afterwards, by expressing &. through Eq. 8-58 based on strain compatibility, Eq. 8-73
becomes equal to Eq. 8-74:

1 2
EbEcAgpp,Oxl,B + Ap,O,totfpp,Oxl,B - Ap,O,totfpp,Odp =0 8-74

where A¢pp01s equal to the difference between the strain corresponding to the proportional limit,
&pp,0, and the strain due to prestressing, ¢,0. Once Eq. 8-74 is defined, the corresponding neutral
axis, x1,, is calculated as expressed in Eq. 8-75.

2bEAé 0,

Ay 010t f 0 -1+ 1+
A Ap,0.10tS pp,0 8-75

X1,B
’ bEcAgpp,O

Then, the bending moment at point B, Mip, the curvature, y13, as well as the
longitudinal strain at mid-height of the effective shear depth, ¢, ; 5, are calculated through Egs.
8-76 to 8-78, respectively:

X1,8
My g =4,00f, pp,O[d » _TJ 8-76
g.+Ae, o
.8 =Ld—pp’ 8-77
P
& [ * (Z* ‘xl,B)
Sx,l,B :X—C(Z _xl,B):Agpp,O— 8‘78

(dp _xl,B)

where z is the equivalent shear depth, evaluated from the top concrete compressive layer, as

shown in Figure 8-18 and as summarized in Eq. 8-79.

S

+-L 8-79
2
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Figure 8-18 Geometrical definition of the equivalent shear depth, z".

The point C of the simplified moment-curvature diagram corresponds to the reaching
of the yielding point in the simplified stress-strain relationship of prestressing strands (&py,o;
Jpr0). It is worth noting that the same formulations provided for the point B are valid with the
care of replacing the values f,,,0 and ¢,,0 with the new values (&py,0; f,0), respectively. For the
sake of completeness, the expression of the bending moment, M ¢, the related curvature, yi c,
and the longitudinal strain at mid-height of the effective shear depth, & s ¢, are reported in Egs.

8-80 to 8-82, respectively.

X,c
My c=4p 000 py0 [ d,- TJ 8-80
e.+As, ¢
nc= d—” 8-81
p
c (Z —Xl,c)

8-82

N _
g}(,l,C = tc (Z - Xl,c) = Agpy’() (d N )
, p~C

Finally, to completely characterize the simplified moment-curvature diagram for the
Failure Case “1”, the point D, which corresponds to the reaching of the ultimate limit state in
the simplified stress-strain relationship of prestressing strands (&pu,0./p1,0), needs to be estimated.
Contrary to the assumption of concrete elastic behaviour at points B and C, the concrete strain
at point D is assumed to be higher than the concrete strain at peak load, €0, but lower than the
compressive ultimate concrete strain, ... Indeed, the corresponding failure mode is attributed
to the rupture of prestressing reinforcements. As a result, the neutral axis, x1,p, is estimated

based on the equilibrium conditions, as expressed in Eq. 8-83.
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_ Ap,(),totfpu,O

X p= 0.8, 8-83

Thereafter, by adopting Eq. 8-58 for the quantification of &, the bending moment at

point D, M p, is derived through Eq. 8-84, by assuming the elastic behaviour of concrete.

1,0
M],D = Ap,O,totfpu,O [ dp _TJ 8-84

The associated curvature, y1,p, and the longitudinal strain at mid-height of the effective

shear depth, & 1 p, are, then, reported in Egs. 8-85 to 8-86, respectively.

&t A“5';714,0 &t (gpu,o B gp,o) £

to- - - 8-85
dp d[? xl’D
(Z _xl,D) N
Ex1,D :Agpu,o—zll,D(Z _xl,D) 8-86
(dp —XLD)

8.6.1.5 Failure Case “2”

Hereafter, the analytical expressions, governing the Failure Case “2”, are threated. The
failure mode related to the analyzed failure case is characterized by the reaching of the concrete
compressive ultimate strain with plasticized prestressing reinforcements.

As previously stated, points A’ and A of the simplified moment-curvature diagram are
characterized by the same analytical expressions of the Failure Case “1”, therefore, detailed
information can be found in the previous section.

Referring to point B, the effect induced by prestressing stress is considered for the
strain compatibility, but it does not directly affect the ultimate bending moment value. First, the
neutral axis is estimated through Eq. 8-87 based on the translational equilibrium.

_ Ap,O,totfpp,O
0.85f,,

Afterwards, a check on the concrete compressive strain is performed, as expressed in

Eq. 8-88.

8-87

X2.B

XAgpp,O _ X(EPP,O _EP,O) S
(dp _XZ,B) (dp _XLB)

If the concrete compressive strain, &, is lower than the concrete strain at the peak load,

Ec:

? 8-88

gc,O

&c0, the translational equilibrium of the analyzed section can be evaluated by considering the
concrete elastic response. Furthermore, assuming the strain compatibility relationship of Eq.

8-58, the neutral axis can be calculated according to Eq. 8-89.
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1 2
EbEcAgpp,OXZ,B + Ay 0.10tf pp.0%2,8 = Ap0.t0t.S ppod p =0

2bEcAgpp,0d » 8-89

Ap0s0tSppo| —1+ [1+ y
p,O,totfpp,O

X2 B =
? bEcAgpp,O

As a result, the corresponding curvature, y2 5, as well as the bending moment, M> g,
and the longitudinal strain at mid-height of the effective shear depth, & 2 5, resulted equal to Eq.
8-90 — Eq. 8-91, and Eq. 8-92, respectively.

Ag

_ pp;0
X8 = y 8-90
( P _xlB)
X2.B
My g =4, 010/ pp0 [ d,- TJ 8-91
& * (Z* - XZ,B)
R . 8-92

2.8 (d,—x2)

Conversely, if the condition in Eq. 8-88 is fulfilled, thus, the concrete compressive
strain, &, is higher than the concrete strain at the peak load, ¢co, the neutral axis value to be
adopted for the quantification of the curvature, bending moment and longitudinal strain is equal
to the one previously estimated through Eq. 8-87. Moreover, the bending moment, M g, can be

calculated as expressed in Eq. 8-93.

M g =4y 0100/ pp0 (d b~ 0-4x2,B) 8-93

As stated for the point C of the Failure Case “1”, it is worth noting that the same
formulations provided for the point B are valid with care of replacing the values 5,0 and &y,0
with the values f,,,0 and €,y,0, respectively.

The point D corresponds to the reaching of the concrete compressive ultimate strain,
ecu. This latter point is completely characterized once the related neutral axis, x2,p, and the
prestressing reinforcement strain, ¢,, are defined. To this end, the equilibrium condition can be

written as in Eq. 8-94.

O'Sfcx2,D = Ap,O,totI: fpy,O + Ep,O (gp - 6p,0 ):l 8-94

Thereafter, by explicating ¢, through Eq. 8-58 and assuming a strand condition where
the point b of the stress-strain relationship is overcome, the second-degree expression of the

neutral axis, x2,p, is derived, as expressed in Eq. 8-95:
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2 " "
O'Sfcmx2,D + Ap,O,tot|: _fpy,O + Ep,O (gcu + A‘("py,O ):l x2,D - Ap,O,lotEp,Ogcud =0 8-95

where /2.0 can be expressed as in Eq. 8-96.

f;,2,D :[ _fpy,O + E;),O (gcu - Agpy,O ):| 8-96

Then, the neutral axis, x2,p, is calculated according to Eq. 8-97 and the strain, ¢, can
be estimated through Eq. 8-58. Moreover, the expression of the bending moment at point D,
M> p, the curvature, y2 p, and the longitudinal strain at mid-height of the effective shear depth,

&x,2,p, are reported in Egs. 8-98 to 8-100, respectively.

* * 2 "
_Ap,O,totfp,Z,D + \/(Ap,o,totfp,lD) + 3'2bfcmAp,0,totEp,Ogcudp 8—97
X =
=D 1.6bf.,,
Myp =4y ( Fmo+Enol£) —gp’o))(dp ~04x, ) 8-98
£
o=+ 8-99
X2,D
_ G (¢
&x2D= Z —X%p 8-100
X2.D

8.6.1.6 Failure Case “3”

The analytical expressions, governing the Failure Case “3”, are reported in the
following. This is characterized by the reaching of the concrete compressive ultimate strain
with prestressing reinforcements in the elastic phase.

As for the Failure Case “2”, points A’ and A of the simplified moment-curvature
diagram are identified through the analytical expressions reported in the Failure Case “17,
therefore, detailed information can be found in the related section.

The neutral axis of point B, x3 g, can be determined through Egs. 8-101 to 8-103 under
the following hypothesis:

= The concrete has reached the strain at peak load, &co;
= The prestressing reinforcements are in the elastic phase;

= The strain compatibility is ensured by Eq. 8-58.
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1 ch(dp _x3,B)
EbfcmxlB = Ap,O,tat Epot————— 8-101
3.8

1 2
EbfcmxlB +‘: Ay 0.00tEp0 (%:o - p,O):| X33 = Ap0.100Ep0c0d, =0 8-102

* & 2
_fp,3,B + \/(fp,B,B) + 2bfcmAp,0,totEp,()gCOdp
8= oo 8-103

3
fp,},B =|: Ap,O,totEp (500 ~€p0 )}

Once the neutral axis, x3, is known, the prestressing reinforcement strain, ¢,, can be

directly derived from the strain compatibility of Eq. 8-58, then, the corresponding prestressing
reinforcement strength, f,, is obtained through the SCPS-model. Afterwards, the bending
moment, M g, the curvature, y;3 5, and the longitudinal strain at mid-height of the effective shear

depth, &, 3 s, are calculated by adopting Eq. 8-104 — Eq. 8-105 and Eq. 8-106, respectively.

M= Apgunfy| dp =22 8-104
3,B p,0t0t) p| “p 3 -
5= 8-105
3B~ -
X3 B
& *
R T 8-106
3,B

The point C of the simplified moment-curvature diagram corresponds to the reaching
of the concrete compressive ultimate strain. Similar expressions, illustrated for point B, can be
adopted by replacing the concrete strain and strength at peak load, ¢co, and, fcn, with the concrete
compressive ultimate strain and strength, €., and, fom.

In this case the equilibrium condition is reported in Eq. 8-107, and the following
passages are the same of the previous case analyzed.

Eeu (dp - x3,B)

X3 B

O'Sbfcmx3,B = Ap,O,tot gp,O + 8-107

Finally, since the concrete has already reached its ultimate condition at point C, it
worth noting that points C and D coincide and, therefore, analogous analytical formulations can

be adopted.
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8.6.1.6.1 Simplified moment-curvature model validation: un-corroded scenario

The validation of the simplified moment-curvature diagram on experimental outcomes
investigating the behaviour of un-corroded PC beams is presented. Both low and high
prestressing level scenarios are reproduced to highlight the suitability and effectiveness of the
proposed simplified approach.

From an experimental work in literature (Billet, 1953; Dong Lee, 2022), several scaled
PC beams without transversal reinforcement were tested.

Hereafter, the specimens B5, B7, B9 and B12 were considered for the analytical model
validation. The specimens had a rectangular cross-section, which geometrical features are
reported in Table 8-2, and were reinforced with two types of steel strand, which mechanical
properties are reported in Table 8-3. Furthermore, the specimens were characterized by
different: (i) amount of prestressing reinforcements, 4,0, (ii) initial effective stress in
prestressed reinforcement at release, op, and (iii) variable average concrete compressive
strength, f.., as shown in Table 8-3. Specifically, all specimens were tested by adopting four-

point bending tests with a shear span length of 914.4 mm, as highlighted in Figure 8-19(a).

Table 8-2 Test set-up and geometrical features, Billet (1953).

Specimen b [mm] h [mm)] dpy [mm] Shear span [mm]
B5 154.90 306.30 237.00 914.40
B7 155.70 308.10 205.50 914.40
B9 154.90 306.30 234.40 914.40
BI12 155.70 308.10 211.60 914.40

Table 8-3 Mechanical properties of B5, B7, B9, and B12 specimens, Billet (1953).

Specimen fem [IMPa]  Apo [mm?]  fo0 [MPa] fouo [MPa] o, [MPa]

B5 39.00 160.60 1538.00 1697.00 823.40
B7 40.80 301.30 1538.00 1697.00 815.20
B9 43.70 151.00 1428.00 1655.00 140.70
B12 38.30 283.20 1428.00 1655.00 139.30
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The comparisons between experimental outcomes and analytical predictions in terms
of full moment-curvature response are reported in Figure 8-19(b) to Figure 8-19(e) for specimen
B5, B7, B9 and B12, respectively. A good agreement with the experimental tests is observed,

where the moment-curvature diagrams for all specimens are well reproduced and predicted.
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Figure 8-19 Simplified moment-curvature diagram validation on experimental outcomes available in
literature: (a) test set-up from Billet (1953), (b)-(e) specimens B5 to B12.
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8.6.1.7 Analytical approach modification due to corrosion

The simplified moment-curvature diagram for prestressed sections in the case of
corroded strands is discussed. First, the selection of the appropriate Failure Case should be
determined as a function of the prestressing reinforcement mechanical properties reduction,
Epu,corr aNd fpu,corr, Which are predicted by using the SCPS-model. Specifically, due to corrosion,
the reduced mechanical prestressing reinforcements ratio, @p.corr, 1S calculated through Eq.
8-108.

o _ Ap,Ofpu,corr
p.corr —
Jembd,,

8-108

Second, the critical mechanical reinforcement ratios, w1,.cor and w3, corr, also decrease

as the corrosion level increases, according to Eq. 8-109 and Eq. 8-110, respectively:

Ae Foue
_ cu pu,corr
a)l,corr - f 8-109
gpu,corr & p.corr &) J pycorr
_ lgcu
@3 corr = 8-110
gpy,corr - gp,corr T éu

where ¢,,cor 1 the corroded strain due to prestressing evaluated as the ratio between o, cor ),
which is the residual prestressing stress calculated as expressed in Eq. 8-54, and the modulus
of elasticity Epo.
Finally, the updated limits for the selection of the appropriate failure case are:
o If wpcorr < w1,corr, the Failure Case 1 is expected;
o If Wi corr < Wpcorr < W3 corr, the Failure Case 2 is expected;
o If wp corr> w3 corr, the Failure Case 3 is expected.
It is worth noting that the Failure Case “3” can be neglected in the case of corrosion.
Indeed, the corrosion effects mainly promote the transition from Failure Case “2” to Failure
Case “1” due to a significant reduction in the mechanical properties of the corroded strands.
For a low corrosion level, LV-I, the stress-strain relationship of corroded prestressing
strands is characterized by a residual hardening phase. Therefore, the expected failure mode is
related to the reaching of the concrete compressive ultimate strain. If @, co 1s included between
W1,corr and w3 corr, the analytical model previously proposed for the Failure Case “2”, in the case
of un-corroded scenario, can be adopted by replacing the un-corroded mechanical properties of
prestressing reinforcements with the reduced ones. On the contrary, if wp,co 1S lower than @1,corr
the analytical expressions, reported hereafter for intermediate (LV-II) and high (LV-III)

corrosion levels, should be used.
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For intermediate and high corrosion levels, a non-ductile behaviour of corroded
prestressing strands characterized by a bi-linear or an elastic residual stress-strain response is
defined, respectively. Therefore, the expected failure mode is associated to the strands rupture.

The simplified moment-curvature diagram for the intermediate corrosion level is
defined by the following main points:

1. Point A’: reaching of the full prestressing stress, resulting in the development of

the negative deflection at beam mid-span,;

2. Point A: reaching of the tensile concrete cracking;

3. Point B: reaching of the proportional limit in the stress-strain relationship of

prestressing strands (€p,0; fpp,0);

4. Point C coincident with Point D: reaching of the ultimate point in the stress-strain

relationship of corroded prestressing strands (€pu,corr, fpu,corr)-

In the case of the high corrosion level, the main points of the simplified moment-
curvature diagram remain the same, with the only exception that the ultimate point in the stress-
strain relationship of corroded prestressing strands (€pu,corr, fpucorr) 18 reached at point B instead
of point C. Therefore, the analytical expressions of points C and D can be neglected, since these
later points are assumed to be coincident with point B.

For the sake of completeness, the analytical expressions for the definition of the points
A’, A, B, and C of the simplified moment-curvature diagram for corroded prestressed sections
are reported.

- Point A’:

The curvature, ya’corr, 1S estimated through Eq. 8-111 by assuming a sectional linear-
elastic behaviour.

Fp,O,corre _ (Apaoaff)fo-P,COl’r (t))e
El E.l

8-111

ZA',corr -

The corresponding bending moment, Ma: o, 1s assumed to be null and the
longitudinal strain at mid-height of the effective shear depth, & .4'cor, 1s evaluated through Eq.
8-112.

F

p,0,corr

) 8-112

Ex Acorr =

- Point A:

The bending moment, Ma corr, the curvature, ya cor, and the longitudinal strain at mid-
height of the effective shear depth, &x a corr, are calculated as expressed in Eq. 8-113 — Eq. 8-114
and Eq. 8-115, respectively.
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21; K 0,corr F 0,corr€ h 21; FpOcorr MpOcorr h
R e B B 8-113
corr = Ty ctm Ai Ii ) h ctm Ai ]i )
MA
XA corr = E;C[(;rr 8-114
F, 0 com
Ex, dcor = ]2, ;:m 8-115

- Point B:

The neutral axis, xB cor, 1s €valuated based on equilibrium conditions according to Eq.
8-116. Afterwards, the bending moment, Mg o, the curvature, yBcor, and the longitudinal
strain at mid-height of the effective shear depth, &x B co, are calculated as expressed in Eq. 8-117
—Eq. 8-118 and Eq. 8-119, respectively. Specifically, Ag,p01s defined as the difference between

SPP,O al’ld Sp,O.

2bE Ag, od
Ap,O,totfpp,O -1+ 1+ i i
Ap,O,totfpp,O 8-116
XB,corr =
‘ bEAE,,
xB’
MB,corr = Ap,O,totfpp,O [ dp - %] 8-117
g.+Ae, o
XB.corr = = 8-118
dp

& #* (Z ~XB corr )

x,B.corr = Z =X o | AEpp o7 8-119
X d
B,corr ( p- xB,corr )

- Point C (severe corrosion) and point B (high corrosion)

Assuming the concrete elastic behaviour, Point C and point B for the intermediate and
high corrosion scenarios, respectively, correspond to the achievement of the corroded strands
ultimate mechanical properties (&pu,corr; fpucorr), resulting in strands rupture. In this context, The
neutral axis, xc,cor (XB,corr), 1S €valuated based on equilibrium conditions according to Eq. 8-120,
whereas the bending moment, Mc cor (M, corr), the curvature, ¢ corr (¥B,corr), and the longitudinal
strain at mid-height of the effective shear depth, &x,c cor (€xB,corr), are calculated as expressed in
Eq. 8-121 — Eq. 8-122 and Eq. 8-123, respectively. The factor Aepucor 1s defined as the

difference between &pu,corr and &p,0.
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2bEcA‘9pu,corrdp
A 0o foncops| —14 14— Peco™p.
p,0,totJ pu,corr 4
p,O,Iotfpu,corr 8- 1 20
XC,corr = *B,corr =
bEcAgpzt,COI‘r
M -M _ d XC corr
C,corr — ™ B,corr — p,O,totfpu,corr P 3 8-121
e +Ae
_ _“c pu,corr
XCcorr = XB,corr = d 8-122
p
*
&, * (Z _xC,corr)
gx,C,corr = gx,B,corr = z - xC,corr) = Agpu,corr 8'123
XC corr (dp - xc’wr,,)

For the sake of clarity, Figure 8-20 and Figure 8-21 show the reduced moment-
curvature diagrams and the longitudinal strain at mid-height of the effective shear depth trends,
&xcorr, TOr the several corrosion levels considered. In detail, Figure 8-20(a) reports the M-y
responses, where the reduction of both ultimate moment and curvature, as well as cracking
moment, is observed; whereas Figure 8-20(b) shows both strand and concrete strains at failure,
where it is evident the failure mode transition from concrete crushing to steel fracture with
increasing corrosion level. It is worth noting that in the following calculations the equivalent

shear depth, z°, is assumed for simplicity equal to 0.9d, as suggested by the Model Code 2010.
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Figure 8-20 Simplified moment-curvature diagrams for corroded and un-corroded scenarios: (a) M-y
responses, and (b) strands and concrete strains vs corrosion levels.
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Figure 8-21 Longitudinal strain at mid-height of the effective shear depth trend for corroded and un-
corroded scenarios.
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In the context of the different corrosion levels, the reduction in terms of cracking and

ultimate moments is shown in Figure 8-22, together with the prestressing level reduction in the

case of splitting failure mode. A considerable reduction of ultimate (cracking) moment is
observed ranging from 77.4 (44.6) kNm of LV-0 to 52.5 (12.8) kNm of LV-III, and of prestress
level, especially from LV-Ito LV-II and III.
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Figure 8-22 (a) Ultimate moment and cracking moment reduction, and (b) prestress level reduction for
the different corrosion scenarios considered.
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8.7 Calculation of residual shear capacity

Although shear resistance plays a crucial role in the bearing capacity of corroded
existing structures, a lack of validated analytical models addressing the prediction of the
residual shear capacity of corroded existing PC beams with and without transversal

reinforcement is available in the scientific literature.

8.7.1 Assessment of PC elements without stirrups: a new proposal

According to the Model Code 2010 (Ceb-Fip, 2013), the shear resistance of un-
corroded PC elements without shear reinforcement, Vzs, is evaluated by quantifying the

concrete contribution, Vza., as expressed in Eq. 8-124:

\/Ebz 8-124

c

VRd = VRd,c = kv

where y. is the concrete partial safety factor, b is the beam width, fc« is the concrete characteristic
compressive strength, z is the overall effective shear depth (internal level arm), and 4, is a
crucial coefficient dependent on the longitudinal strain at mid-height of the effective shear
depth, &x. For the sake of clarity, two approximation levels, denoted as level I and level II, are
defined in the Model Code 2010 for determining the shear resistance of PC members without
shear reinforcement. Moreover, assessing existing PC structures, the partial safety factor y. can
be set equal to 1.0, whereas the concrete characteristic compressive strength, f.x, can be assumed
equal to the average concrete compressive strength, fen.

In detail, the effective shear depth, z, is evaluated through Eq. 8-125:

A
20 8-125
A

p,0

strands

2 2
zZ AS’O +z,n
zZ=
2,4

5,0 + Zp}’l

strands
where z; and z, stand for the distances between the centreline of the compressive chord and the
longitudinal reinforcement and strand axes, respectively, whereas the longitudinal strain at mid-

height of the effective shear depth, &, is calculated according to Eq. 8-126:

z,—€
m+VM+NEd( b )
VA zZ
£ = 8-126

x
z z
s P
2 7 s,OAs,O + 7 Ep,Onstrands Ap,O
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where Mea, Veqa and Ngqa denote the acting bending moment, the shear force and the normal force
(axial force), respectively. In the absence of longitudinal reinforcement, 45,0, Eq. 8-126 can be

further simplified, as expressed in Eq. 8-127.

zZ,—€ zZ,—€
Mea +Veq +NEd( 2 ) Mg +VEq +NEd( 2
z z z Z
8-127

E. = =

p
2 7 Ep,OnstrandsAp,O

2E , Ghgirans A

strands**p,0

It is worth noting that a lower and upper boundaries equal to 0.0 and 0.003 for the
parameter &, are provided by the Model Code 2010.

Once the coefficient & is known, the parameter k, is subsequently determined
according to Eq. 8-128 and Eq. 8-129 for the Model Code 2010 level I and level II of

approximation (LoA), respectively:

180
ky=—— -
" 10004125z 8-128
0.4 1300
8-129

YT 1415008, 1000+ gz

where the coefficient k4, can be set equal to 1.0 by providing that the size of the maximum
aggregate particles is not less than 16 mm.

To account for corrosion effects, the present Thesis proposes modifications to the

Model Code 2010 level II of approximation analytical expression for evaluating the residual

shear capacity, Vrd,corr, of corroded PC beams without shear reinforcement. According to the
proposed model, the following assumptions are introduced for the estimation of Vz4 cor:

= Adoption of the wun-corroded cross-sectional area of prestressing
reinforcement, 4,0, to be consistent with the SCPS-model assumption.

= Estimation of a reduced axial force, Negcorr, Which corresponds to a reduced

prestressing force, Fjpcor(t), calculated through Eq. 8-130 as the product

between 4,0 and the residual prestressing stress, ap,cor(?).

NEd,corr = _Fp,corr (t) = Gp,corr (t)nstmndAp,O 8- 1 30

= Evaluation of the modified longitudinal strain at mid-height of the effective
shear depth, &xcorr, by adopting the expressions previously defined in paragraph
8.6. In detail, the sectional &y cor values are derived from the application of the
simplified moment-curvature approach, which outcomes are obtained as a

function of: (i) the residual mechanical properties of corroded prestressing
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strands — evaluated by adopting the SCPS-model —, (ii) the reduced
prestressing force, Fj,con{t) — evaluated through Eq. 8-130 —, and (iii) the
sectional acting bending moment, Mga.

Introduction of an amplification factor (1+f) applied to the modified
longitudinal strain at mid-height of the effective shear depth, & o, in order to
consider the shifting of moment diagram and the shear demand, as expressed
by Eq. 8-131and shown in Figure 8-23.

ex = Excor (14 B) = &y conr| 1+ %%(cot g(0)+cotg(a)) 8-131
Since for the analyzed PC beams no transversal reinforcements were provided,

0=45° and cotg(a)=0.0 are assumed.

To the author best knowledge, the analytical approach proposed by the Model Code

2010 level II of approximation is the only model available to date in the scientific literature for

the same purpose. Therefore, this latter analytical procedure — defined for un-corroded PC

members — is modified for evaluating the residual shear capacity, Vrgcor, of corroded PC

elements without shear reinforcement. To this end, the longitudinal strain at mid-height of the

effective shear depth, &y o, that changes due to corrosion process, is calculated with Eq. 8-132,

where corrosion effects are introduced via:

A reduced cross-sectional area of longitudinal reinforcement, Ascorr, and
prestressing strands, 4p,corr, T€SpECtively;

A reduced axial force, Neqrea, which is evaluated through Eq. 8-133 as the
product between the corroded area of prestressing reinforcements and the
residual prestressing stress, g,(f), considering the losses induced by (a) elastic

contraction, (b) releasing of strands, (c) creep, and (d) shrinkage effects.

M z,—e
ZEd + VEa’ + NEd,red ( )
. 8-132

x,corr =
2| & i A
5 Es,OAs,corr + - Ep,Onstrands p,corr

NEd,red =0y (t)nstmndAp,corr 8-133
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A comparison between the longitudinal strains at mid-height of the effective shear

depth, &y cor, evaluated by considering Eq. 8-131 and Eq. 8-132 is shown in Figure 8-23 as a

function of the bending moment for the beams PBN3P1 (black lines — un-corroded scenario)

and PB3P11 (red lines — corroded scenario). Moreover, Figure 8-23 is also useful to highlight

the effect associated with the additional contribution provided by the amplification factor (1+5)

to the estimation of longitudinal strain at mid-height of the effective shear depth, &y con’?’, of

the proposed approach. For the un-corroded scenario, the positive strains result similar for both

approaches until the event C, where the strands’ yielding starts. Conversely, for corroded

members, the proposed approach returns lower strains if compared to the modified MC 2010

approach.
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Figure 8-23 Comparison between longitudinal strains at mid-height of the effective shear depth for
corroded and un-corroded scenarios.

To determine the reliability and accuracy of the two analytical approaches, a validation

is performed in paragraph 8.8 by comparing the experimental outcomes and the analytical

predictions of the previously investigated naturally corroded PC beams without transversal

reinforcement in terms of observed failure mode and ultimate load at failure, Puinre.
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8.7.1.1 Check on shear capacity at beam edges

The sectional shear resistance of the PC beam is evaluated along its overall length by
adopting the expression provided in Eq. 8-124. In addition, the Eurocode 2 (CEN-EC2, 2004)
provides the expression reported in Eq. 8-134 for predicting the residual shear strength, Vzac end,

which should be compared to the resistant contribution, Vz4c, estimated through Eq. 8-124:

b [,
VRd,c,end = E\éfctm + alo-cpfctm 8-134

where:
" fem is evaluated according to the Model Code 2010 provisions through Eq. 8-57;
= b is the beam cross-section width;
* §and [ are respectively the first and the second moment of inertia of the rectangular

cross-section and they are evaluated according to Eq. 8-135 and Eq. 8-136, respectively;

o

S 8-135

b

= 8-136
12

1

" g 1S the compressive stress due to prestressing force contribution and it is estimated as
reported in Eq.8-137 by assuming F), co-as expressed in Eq. 8-55;

. = NEd,corr _ Fp,corr (Z) _ Gp,corr (t)nstrandAp,O
Py A, Y/

4 C 4

8-137

* oy is the coefficient that identifies the effect related to prestressing force transmission in
pre-tensioned PC elements. The latter is sectionally evaluated according to Eq.8-138 as
the ratio between the abscissa of the analyzed section with respect to the beam edge, Ly,

and the corroded transmission length, L; o, previously estimated through Eq. 8-47.

“=7 8-138

t corr

This latter expression is valid for the un-cracked PC beam zones, where the tensile
stress 1s lower than fex0.0s5/yc. In those zones, it is recommended that the shear resistance is
limited to the reaching of the concrete tensile stress. Therefore, for the beam sections where the
stress allows the application of Eq. 8-134, the residual shear capacity is assumed equal to the

minimum value between the shear resistance Vrac.corr and Ved c.end.
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8.8 Model validation

The un-corroded and corroded PC beams without transversal reinforcement
investigated in the present Thesis were adopted to validate the proposed analytical approach.
To this end, the procedure depicted in the flowchart of Figure 8-1 is considered.

The comparison between experimental outcomes and analytical predictions in terms
of both (i) failure mode and (ii) ultimate load capacity is reported in Table 8-4. In this context,
the effectiveness of the proposed analytical approach is further verified through the comparison
with the analytical predictions obtained by adopting the modified Model Code 2010 approach,
as shown in Table 8-5. It is worth noting that the shear failure of the investigated PC beam is
estimated at a critical section with distance d, from supports or applied loads.

Based on the obtained results, it is possible to state that:

= The proposed analytical model can successfully predict the experimental
failure mode of both corroded and un-corroded PC beams, previously recorded
during three- and four-point bending tests.

= The model accuracy and the applicability of the proposed approach is
determined through the experimental versus analytical ultimate failure load
ratio, Praiture/ Pfaiture.an. As reported in Table 8-4, all the analytical predictions
underestimated the experimental ultimate load, providing that the adoption of
the proposed approach results in the conservative assessment of the residual
flexural and shear load carrying capacity of corroded PC beams without
transversal reinforcement. To support the statement, the mean value, the
standard deviation, and the coefficient of variation, CV, of the ratio
Praiture! Pfaiture,an 0f un-corroded and corroded PC beams result equal to 1.29,
0.17, and 12.87%, respectively. Considering the predicted behaviour of
corroded PC beams only, the obtained statistical parameters become equal to
1.33,0.17, and 12.51%, respectively.

= Considering the modified Model Code 2010 proposal, the failure mode of the
investigated corroded and un-corroded PC beams is correctly predicted.
Referring to the ultimate failure load predictions, a significant underestimation
of experimental outcomes is observed. In detail, the over-conservative
outcomes are confirmed by the mean value, the standard deviation, and the

coefficient of variation, CV, of the ratio Ppiiure/Paiturean 0f un-corroded and
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corroded PC beams, which result equal to 1.58, 0.31, and 19.38%, as reported
in Table 8-5.

=Finally, the effectiveness of the proposed analytical approach for the
prediction of the shear failure mode of corroded PC beams, is additionally
confirmed by the modelling uncertainties given by current guidelines in the
case of shear failure mode prediction of un-corroded members. In this context,
the Netherland guidelines for nonlinear finite element analysis of concrete
structures, (Belletti et al., 2017), pointed out that the shear failure mode of un-
corroded members is the most difficult failure mode to be predicted due to the
complex nature of the involved mechanisms. Referring to the latter modelling
uncertainties, a mean value, and a coefficient of variation equal to 1.39 and
0.10 were provided, respectively. Although the proposed analytical model
additionally considers corrosion effects, the model uncertainties (1.33 and
0.17), reported in Table 8-4, are in line with the guidelines’ provisions in the
case of NLFE predictions of un-corroded members, (Belletti et al., 2017).
However, it is worth noting that, due to insufficient references concerning a
similar subject, it is difficult to compare and verify the obtained results.
Therefore, additional experimental and analytical studies are needed on
corroded PC members to further validate and calibrate the proposed analytical
approach.

Finally, Figure 8-25-Figure 8-26, Figure 8-27, Figure 8-28, and Figure 8-29 highlight
the flexural and shear analytical predictions for un-corroded beams PBN3P1 and PBN4P2,
beam PB3P11 failing in bending, beam PB4P6 failing in Shear I mode, and beam PB4P7 failing
in Shear II mode, respectively. As it is visible, the analytical approach correctly reproduces the
experimental failure mode of the investigated PC beams and the assumption of a critical shear
section at a distance d (d=d,=250 mm) from the applied load is in good agreement with the
recorded experimental outcomes. In fact, the location of the critical shear section at a distance
d for un-corroded RC beams without transverse reinforcement with pinned supports under point

loads was already noticed by Khuntia & Stojadinovic (2001), as shown in Figure 8-24.
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Figure 8-24 Location of critical section for beams with pinned and fixed supports under point and

uniform loading.
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Figure 8-25 Failure mode and analytical prediction for the un-corroded beam PBN3P1.
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Figure 8-27 Failure mode and analytical prediction for the corroded beam PB3P11.
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Figure 8-28 Failure mode and analytical prediction for the corroded beam PB4P6.
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Figure 8-29 Failure mode and analytical prediction for the corroded beam PB4P7.
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Table 8-4 Comparison between experimental outcomes and analytical predictions obtained by
adopting the proposed analytical model.

Beam Praiture Praiture,an Failure mode Failure mode Praiture/Paiture,an
Specimen [kN] [kN] experimental analytical [-]
PBN3P1 70.14 59.00 Bending Bending 1.19
PBN4P2 98.47 89.00 Shear I Shear 1.11
PB4PS 90.21 74.00 Shear I Shear 1.22
PB4P6 89.39 74.00 Shear 1 Shear 1.21
PB4P7 81.74 62.00 Shear I1 Shear 1.32
PB4P8 100.06 69.00 Shear I Shear 1.45
PB4P9 80.00 77.00 Shear I1 Shear 1.04
PB3P11 62.00 43.00 Bending Bending 1.44
PB4P13 127.45 91.00 Shear [ Shear 1.40
PB4P14 145.90 94.00 Shear 1 Shear 1.55
Mean Value: 1.29
peviion 17
CV [%]: 12.87

Table 8-5 Comparison between experimental outcomes and analytical predictions obtained by
adopting the analytical approach proposed by Walraven (2020).

Beam Praiture Praiture,an Failure mode Failure mode Praiture/Pfaiture,an
Specimen [KN] [kN] experimental analytical [-]
PBN3P1 70.14 59.00 Bending Bending 1.19
PBN4P2 98.47 88.00 Shear 1 Shear 1.12
PB4P5 90.21 58.00 Shear 1 Shear 1.56
PB4P6 89.39 59.00 Shear I Shear 1.52
PB4P7 81.74 49.00 Shear II Shear 1.67
PB4P8 100.06 54.00 Shear I Shear 1.85
PB4P9 80.00 60.00 Shear I1 Shear 1.33
PB3P11 62.00 37.00 Bending Bending 1.68
PB4P13 127.45 69.00 Shear 1 Shear 1.85
PB4P14 145.90 70.00 Shear 1 Shear 2.08
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A summary of the previous results is shown in Figure 8-30. As it is visible, a tangible
improvement in the experimental ultimate load prediction is obtained through the adoption of
the proposed analytical approach if compared to the modified Model Code 2010 proposal. As
expected, analyzing un-corroded beams, the two models work analogously.

Since the experimental tests did not present the same span length, L, and a/d ratio, an
evident decrease in the failure loads cannot be observed. For these reasons, the analytical
method was re-applied to all beams by considering the un-corroded properties. The percentage
ratio between corroded and un-corroded loads for the tested beams by using the analytical
method is shown in Figure 8-31. As a result, the decrease of load-bearing capacity becomes
evident ranging from LV-0 (un-corroded) to LV-II and IIl. Indeed, LV-II and III exhibit
approximately a residual bearing capacity of 67.50 % and 61.18 %, respectively, confirming

the detrimental effect of corrosion.

W Experimental ~ M Analytical =~ ™ Analytical - MC2010

PB4P5
PB4P6
PB4P7
PB4P8
PB4P9

PBN3PI
PBN4P2
PB3P11
PB4P13
PB4P14

Beam specimen

Figure 8-30 Comparison of ultimate load from experimental tests and analytical methods.
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Figure 8-31 Analytical ultimate load percentage ratio (corroded/un-corroded) considering different
corrosion levels.

8.9 Main observations and drawbacks

An analytical approach concerning the assessment of corroded PC beams without
transversal reinforcement is proposed. The sectional model is based on a single input parameter,
which is the maximum penetration depth of the most corroded wire. Four scenarios are
considered, referred to as (i) un-corroded, (ii) low corroded, (ii) intermediate corroded, and (iv)
high corroded. Each scenario involves a maximum penetration depth, Py 0.5, estimated via the
probabilistic analysis of the maximum penetration depths of the available corroded strand
samples belonging to the investigated corrosion level. First, a simplified moment-curvature
diagram is proposed to determine the flexural capacity as well as the longitudinal strain at mid-
height of the effective shear depth, &,. In this context, the prestressing stress reduction and the
prestressing reinforcement mechanical properties decay are introduced to consider the
corrosion effects on the residual flexural capacity of corroded PC elements. The first
contribution is assumed to be consistent with the ultimate bond strength decay via the
introduction of a coefficient R», derived from the pull-out tests on corroded specimens without
transversal reinforcements. The second contribution is estimated through the adoption of the
SCPS-model. The shear capacity is predicted by using the Model Code 2010 Level II of
approximation formulation, opportunely modified to consider the corrosion effects. To this end,
the modified longitudinal strain at mid-height of the effective shear depth value, &y cor, 1S

determined through the simplified moment-curvature diagram for each corrosion level
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analyzed, and the prestressing force reduction, £}, co(?), is evaluated through the twofold effect
of (i) the transmission length variation, L; o, and the prestressing stress reduction, respectively
estimated by adopting the model proposed by Anaya et al. (2022) and the coefficient Ro.
Furthermore, the cross-sectional area of the prestressing reinforcement is assumed to be
unaffected by corrosion to be consistent with the SCPS-model assumption. Finally, the
comparison between experimental and analytical outcomes of the previously analyzed corroded
and un-corroded PC beams in terms of (a) observed failure mode and (b) ultimate load at failure
is performed to validate the model.

Based on the obtained results, the proposed analytical model can successfully predict
the experimental failure mode of both corroded and un-corroded PC beams. Moreover, although
conservative results, the effectiveness of the analytical approach is observed. Specifically, the
mean value, the standard deviation and the coefficient of variation, CV, of the ratio
Paiture! Ptaiture,an 0f un-corroded and corroded PC beams result equal to 1.29, 0.17, and 12.87%,
respectively.

Although the proposed analytical model can be considered as a useful tool to be
applied in the daily engineering practice for preliminary assessing the residual flexural and/or
shear capacity of corroded PC beams, the model applicability is currently limited to PC
members without transversal reinforcement. Furthermore, the adopted relationships for the
prestressing stress reduction as well as the simplified model for the quantification of the
corroded transmission length should be verified through ad-hoc experimental campaigns.
Additionally, due to the absence of experimental outcomes on corroded PC elements, the
simplified moment-curvature approach has been validated only against experimental outcomes

from un-corroded PC members.
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8.9.1 Analytical model application by adopting design properties

The assessment of the tested PC beams is performed herein by adopting the design
properties for concrete and prestressing steel. Since the concrete was considered unaffected by
corrosion, the partial safety factor y. equal to 1.49 suggested in the Appendix B of the fib
Bulletin 80 (2016) is used, by assuming a consequence class (CC) equal to 2. In addition, the
design strength of corroded strands is evaluated via the partial safety factor (PSF), ym,corr, €qual
to 1.31, previously discussed in paragraph 7.6. In Table 8-6 are summarized the adopted average
and design material properties.

In addition, Figure 8-32(a) reports the design stress-strain behaviour of prestressing
steel as function of corrosion levels, while Figure 8-32(b) shows the corresponding reduced
moment-curvature responses, resulting in an evident decrease in terms of both ultimate and

cracking moments by adopting the design values.

Table 8-6 Mechanical properties and partial safety factors assumed for concrete and prestressing steel.

. 0 PSF = feul
Material Jom Jou Jea=Feilye
[MPa] [MPa] [-] [MPa]
Concrete 45.40 / 1.49 25.10
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& / 1901.75 131 /
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Figure 8-32 Average vs design: (a) stress-strain of prestressing steel, (b) moment-curvature response.
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Table 8-7 summarizes the analytical loads at failure for each beam analyzed with un-

COI’rOded, Pfailure,an,unc()rr, and COI‘I‘Oded (mean and deSIgn) pI‘OpeI‘tleS, Pfailure,an,mean - Pfai[ure,an,des.

Table 8-7 Comparison between analytical load at failure for beams with un-corroded and corroded
(mean and design) properties.

P failure, P, failure, P failure, P failure,des/
Beam
Specimen un-corroded corroded mean corroded des Praiture,mean
[KN] [kN] [kN] [Yo]
PB4P5 106.00 74.00 60.00 81.1
PB4P6 106.00 74.00 61.00 824
PB4P7 110.00 62.00 50.00 81.4
PB4P8 115.00 69.00 56.00 79.1
PB4P9 111.00 77.00 62.00 80.6
PB3P11 64.00 43.00 35.00 78.7
PB4P13 141.00 91.00 72.00 81.2
PB4P14 147.00 94.00 74.00 80.5

Furthermore, Figure 8-33 graphically shows the comparison between the ultimate
loads evaluated by adopting the different mechanical properties, showing a more conservative
prediction in the case of design properties adoption. Indeed, considering the ratio
Praiture.an,des! Pfaiture,an,mean, @ 20% reduced ultimate load is predicted by adopting design

properties, as shown in Figure 8-34.
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Figure 8-34 Ratio between design and mean loads at failure.

This section collects the main proposals and findings of the present Thesis: (i) the
application of the proposed SCPS-model, (ii) the use of the preliminary partial safety factor for
corroded strands, and (ii1) the application of the analytical model procedure for the assessment
of deteriorated PC beams without transversal reinforcement. Based on the obtained result,
further research efforts should be devoted to the definition and refinement of simplified

procedure for the assessment and design of corroded structures.
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9 General conclusions and

Future research

9.1 Conclusions and observations

In the present work, the issue of chloride-induced corrosion on naturally corroded PC
beams subjected to wet-dry cycles using sea water was investigated. The aims of the research
were to assess the residual structural capacity of such members and to propose useful
constitutive laws for predicting the reduced mechanical response of corroded strands as well as
to provide an analytical method for assessing the residual life of corroded PC beams without
transversal reinforcements. Both flexural and shear capacity were considered in the analytical
model, while the mechanical properties decay of corroded prestressing strands was estimated
by adopting the proposed SCPS-model. The present Thesis was divided into the following
sections:

- State of the Art: the available scientific literature was thoroughly reviewed and the
lacunae of the current codes and guidelines provisions for the assessment of corroded
structures were highlighted. After reporting a detailed timeline of PC bridge and
building collapses from 1960 to the present day, available experimental tests
conducted on corroded PC beams to assess their residual bending and shear resistance
were analyzed. The main corrosion parameters in terms of mass loss and cross-
sectional loss for mechanical properties decay were then introduced. In this context,
a detailed analysis of the possible pit type morphological configurations was outlined.
Finally, the experimental tensile test activities conducted on corroded prestressing
reinforcements were investigated.

e Residual structural capacity evaluation: via visual inspection, the concrete surface
defects of each corroded PC beam were detected in terms of splitting longitudinal
cracks, spalling of concrete cover, and swelling. Outcomes revealed that concrete
damage was often located at the beam edges, where the presence of a construction
practice deficiency consisting in the prestressing strands unprotection promoted a
severe corrosion. Concurrently, corrosion potential mapping was performed along the

entire length of each investigated PC beam, while ohmic drop and corrosion rate were
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measured at the beam edges and at mid-span, respectively. From corrosion potential
results, a high probability of corrosion was expected along PC beams length, whereas
the corrosion rate outcomes obtained adopting the linear polarization technique
revealed /.o values above the established corrosion activation threshold of 0.1
nA/cm?. Additionally, chloride test results showed high chloride concentration levels
exceeding the standard threshold value set at 0.6%cem. In particular, exceptionally
high values equal to 8%cem were recorded in correspondence to longitudinal splitting
cracks at the beam edge of beam PB9 and at mid-span of beam PB10. Following
indirect corrosion measurements, three- and four-point bending tests were carried out
on corroded and un-corroded beams to assess their flexural and shear residual
structural capacity. During the mechanical tests, Digital Image Correlation (DIC) was
performed to investigate the strain field evolution of each tested beam. From the
flexural resistance point of view, the un-corroded beam PBN3P1 showed the best
mechanical performance, while corroded beams PB3P10 and PB3P11 showed a
significant corrosion-induced reduction in terms of ultimate bending moment (load-
carrying capacity), deflection, and ductility. From the shear resistance point of view,
the strain localization induced by prestressing strands deterioration led to premature
beam failure. For corroded PC beams with similar a/d ratios, the residual shear
resistance also decreased with increasing strand corrosion levels in terms of ultimate
load-carrying capacity, ultimate deflection, and ductility. Although tested PC beams
were characterized by different shear span-to-depth ratios, two primary failure modes,
denoted as Shear I and Shear II, were defined. Shear I mode was characterized by a
shear-bending interaction prior to failure. Bending vertical cracks indeed developed
before the appearance of a diagonal shear crack that led to beam collapse. Shear II
mode showed the presence of a single diagonal crack formed from the loading steel
plate towards the prestressing reinforcement. Nevertheless, bond decay due to
chloride-induced corrosion at prestressing steel—concrete interface might have played
arelevant role in the shear failure mode of severely corroded PC beams, as evidenced
by the sudden drops visible in the vertical displacement diagrams of beams PB4P5,
PB4P7 and PB4P9.

Constitutive laws proposal: following the mechanical tests, a refined and a simplified
stress-strain relationship, named CPS- and SCPS-model, respectively, were proposed
to predict the residual mechanical response of prestressing strands subjected to

chloride-induced corrosion. To this end, the pitting morphology spatial variability was
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first investigated by analyzing 3D models of corroded strands using the GOM Inspect
software. Useful correlations between the corrosion parameters of mass loss, cross-
sectional loss and maximum penetration depth of the most corroded wire were
proposed and discussed. Moreover, the effect of concrete surface defects on the
longitudinal pitting spatial variability as well as the role played by the presence of
possible construction practice deficiencies were analyzed. Outcomes revealed that
preferential pathways developed, enhancing the chloride ions attack through direct
contact with external agents and prestressing reinforcements, resulting in a more
aggressive chloride-induced corrosion at the beam edges, characterized by deeper and
widespread pits. Furthermore, the pitting factor of naturally corroded prestressing
strands was investigated for the first time by considering both longitudinal and
transversal (sectional) variability. Following tensile tests on corroded and un-
corroded strand samples, two constitutive laws were defined. Although the models
were based on different assumptions, both used the equivalent spring material
approach to predict the overall response of a corroded strand by summing the wires’
contributions. The CPS-model adopted the cross-sectional loss of each wire as the
main input parameter for the prediction of ultimate strength and ultimate strain decay
and considered different decay laws as a function of three pit type morphological
configurations — hemispherical, half-moon, and planar shape —. The SCPS, on the
other hand, was a simplified version of the CPS-model. This latter was based on a
single input parameter, namely the maximum penetration depth of the most corroded
wire, and was designed for the daily engineering practice. The SCPS-model, which is
independent from the possible pit type morphology configurations, adopted a single
decay law for ultimate strain and estimated an average sectional penetration depth for
the remaining external wires as a function of the maximum penetration depth of the
most corroded wire. Both constitutive laws were successfully validated against
experimental tensile test results from the present research and from data available in
the literature. In addition, a preliminary partial safety factor for the estimation of the
design ultimate strength of corroded prestressing strands was proposed. The
procedure considered several uncertainties related to: (i) geometrical properties, (ii)
un-corroded mechanical properties of prestressing steel, (iii) failure mode of PC
members, and (iv) resistance model uncertainty.

- Analytical proposal: in addition to the definition of constitutive laws for corroded

strands, a simplified analytical approach was proposed for the assessment of the
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residual structural performance of corroded PC beams without transversal
reinforcements in terms of both flexural and shear capacity. The input model
parameter is the maximum penetration depth of the most corroded wire. Four
scenarios were considered by distinguishing between: un-corroded, and low,
intermediate, and high corrosion. The instantaneous and time-dependent prestressing
losses over time due to strand release, steel relaxation and creep and shrinkage effects
were considered. Furthermore, the transmission length variation and the prestressing
loss decay due to chloride-induced corrosion were introduced. The analytical model
assumed the SCPS-model for the reduced mechanical properties decay of prestressing
reinforcements. Moreover, a simplified moment-curvature diagram was proposed as
a function of the different corrosion levels for the definition of the flexural capacity
and the evaluation of the strain at mid-depth of the beam cross-section, which was
found to be a fundamental parameter for the evaluation of the shear resistance
according to the Model Code 2010 level II of approximation expression. The
analytical model was finally validated by comparing the experimental outcomes and
the analytical predictions of the investigated PC beams in terms of both ultimate load

and failure mode.
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9.2 Future research and recommended improvements

In light of the obtained results, the needed research and future works on the corrosion

issue in prestressed concrete structures are briefly outlined below in the form of a bulleted list.

9.2.1 Corrosion measurements and experimental tests on corroded PC elements

Concrete surface defects revealed to be crucial for the development of preferential
pathways for chloride ion diffusion. Nevertheless, further efforts should be devoted
to the measurement of crack width opening in the case of longitudinal splitting crack
formation. To fill this gap, useful correlations should be provided for the prediction
of the corrosion level of prestressing reinforcements embedded in concrete starting
from the rapid crack width measurement.
The present research highlighted the deteriorating effect on the chloride ion diffusion
process induced by the presence of a particular construction practice deficiency
(prestressing reinforcements unprotected at beam edges). Nevertheless, other
deficiencies were commonly pointed out during in-situ inspection, such as (i) moist
spots, (ii) water retention due to inadequate water-proofing systems, (iii) unsealed
anchor headers, (iv) use of poor construction materials or (v) presence of voids next
to reinforcements due to improper vibration of concrete, the effects of which need to
be analyzed in depth.
Experimental campaigns on naturally corroded PC members, instead of artificially
accelerated ones, are still required to further understand the actual behaviour of
deteriorated structures. Specific experimental tests on PC elements under static,
dynamic, and cyclic loading are still required for the evaluation of the residual
structural performance, particularly when considering different environmental
exposure conditions. Furthermore, additional experimental activities should be
planned to investigate the debonding effect induced by the corrosion process
(anchorage failure).
The issues related to experimental tests are:
a) Definition of common test set-up and loading conditions. Due to the spalling
of concrete cover, the analyzed beams were tested with different span-to-
depth-ratios, as a result, the residual load carrying capacity could not be

directly compared. To facilitate the estimation and quantification of corrosion
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effects, corroded and un-corroded PC beam specimens should be tested under
the same test set-up conditions and shear-to-depth-configuration;

b) In order to correlate the residual structural capacity of the analyzed PC
member with the actual corrosion level, the corrosion pattern along the overall

length of the investigated specimen needs to be accurately evaluated.

9.2.2 Pitting morphology analysis of corroded prestressing strands

- The present work investigated several corroded strand samples in order to evaluate
the effects of chloride-induced corrosion on prestressing reinforcements. Although
useful correlations between the main corrosion parameters were proposed, further
corroded prestressing strands under similar and/or different exposure conditions
should be investigated to further validate the accuracy and reliability of the proposed
relationships, taking into account the concurrent presence of the concrete surface
defects.

- The proposed relationships were defined based on the analysis of pre-tensioned
corroded strands embedded in concrete. Therefore, the efficiency as well as the
applicability of the proposed formulations in the case of post-tensioned prestressing
reinforcements must be further verified. Indeed, post-tensioned reinforcements are
commonly inserted in a protective duct, which leads to different interface conditions
if compared to pre-tensioned strands embedded in concrete. Therefore, the pitting
morphology spatial variability of those reinforcement types may differ from the ones
investigated, requiring additional research efforts. To this end, supplementary
experimental tests on corroded post-tensioned strands are necessary.

- Several corrosion parameters proved to be crucial for the assessment of the residual
mechanical properties of corroded prestressing strands, such as the cross-sectional
loss or the maximum penetration depth of the most corroded wire. To further
investigate the effect of these latter parameters, additional studies should focus on the
variability of the penetration depth from a probabilistic point of view, by conducting

Monte-Carlo analyses.
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9.2.3 Constitutive laws for the residual mechanical response of corroded strands

- The accuracy and applicability of both the CPS- and SCPS-models were verified
based on available experimental outcomes. However, due to the limited number of
studies available in the scientific literature, further experimental tensile tests need to
be conducted to increase the data population, improving and refining the proposed
decay relationships.

- Additional severely corroded prestressing strands, showing a corroded inner wire,
should be tested and analyzed to define an experimental relationship that allows to
estimate the penetration depth of the inner wire starting from a single measurement
of the maximum penetration depth of the most corroded wire in the same analyzed
section.

- Although the proposed models are useful tools for accurate and conservative
predictions of the residual mechanical properties of a corroded strand, an operational
procedure — based on in-situ sampling and measuring of corrosion parameters — needs
to be established. Otherwise, the operational application of the proposed models in
the assessment of in service corroded prestressed elements may be hindered. Towards
this aim, the scientific literature has highlighted possible non-destructive techniques
to be applied for the measurement of corrosion parameters directly during in-situ
inspections. Nevertheless, non-destructive methods were not considered in the present
work and require additional scientific forces to determine the best cost-benefit
solution.

- Both proposed models were limited to the prediction of the residual mechanical
response of a single corroded prestressing strand. Further research efforts should be
devoted to providing a simplified model able to estimate the sectional residual
mechanical properties of multiple corroded strands, characterized by different
corrosion levels. Indeed, in the case of existing structures, such as bridges or tanks,
several prestressing strands are generally present in the same section, each of which
provides a key contribution to the overall load-carrying capacity of the structural PC
element. Therefore, a simplified model based on an equivalent spring approach might
be adopted to evaluate corroded strand contributions separately and to successively
estimate the overall residual sectional response without leading to overconservative

predictions.
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- For the first time, a preliminary attempt was made to define a partial safety factor for
the prediction of the ultimate design strength of a corroded prestressing strand.
Although the proposed partial safety factor should be considered as a useful tool for
the daily engineering practice to be implemented in future codes and guidelines for
the evaluation of existing corroded PC members, its effectiveness needs to be further
verified. In particular, to improve the accuracy of the proposed factor, additional
experimental tests on corroded prestressing strands should be conducted in order to
extend the statistical data population available to date. Furthermore, additional studies
are required for the proper evaluation of both resistance model and failure mode

uncertainties.

9.2.4 Analytical model for the assessment of the residual capacity of PC beams

- The proposed analytical model is an instrument to evaluate the residual life and
capacity of corroded PC beams without shear reinforcement. However, although the
effectiveness of the analytical model was validated against naturally corroded PC
beams, most PC elements in existing structures are commonly characterized by the
presence of transversal reinforcement, thus, further research should be devoted to
extend the proposed analytical model.

- Additional experimental data on corroded PC beams without stirrups are welcomed
to further validate the proposed analytical approach.

- The analytical model for assessing the residual capacity of corroded PC beams with
transversal reinforcements should take the following factors into account:

a) A different corrosion level for prestressing reinforcement and stirrups. To this
end, an ad-hoc stress-strain relationship must be provided for the prediction
of the residual mechanical properties of corroded transversal reinforcement;

b) Analysis of the interaction between the decay mechanisms developing in
prestressing reinforcement and stirrups. In particular, changes in failure mode
may occur after severe deterioration of stirrups;

¢) Evaluation of the bond decay associated with the confinement contribution

provided by the presence of transversal reinforcements;

9-8



General conclusions and Future research

9.2.5 Improvements of current codes and guidelines

- The existing guidelines and codes, except for the CONTECVET manual, are either
lacking or have non-uniform provisions concerning RC and PC structures and
infrastructures against corrosion, therefore, a significant research effort is needed.

- Further studies are needed to cover the gap in the current Eurocodes, in particular with
regard to specific strategies to be adopted for the assessment of existing structures in
terms of mechanical properties decay and required analyses.

- Reliable and rigorous maintenance protocols, monitoring systems and simplified
analytical models capable of assessing the residual structural capacity of deteriorating
PC members must be introduced in new codes and guidelines to enhance the

durability of existing structures and infrastructures.
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Appendix

A.1.Mechanical performance of corroded RC beams

Table A-1 provides a general overview of the experimental tests conducted worldwide
on corroded RC beams from 1990 to 2022, thereby extending the survey carried out by Soltani
et al. (2019), to investigate the flexural and shear behaviour of corroded RC beams available in
scientific literature. Specifically, Table A-1 reports: (i) the Reference of the analyzed
experimental campaign, (ii) the number of corroded specimens with in brackets the number of
the reference un-corroded specimens, (iii) the test set-up, by distinguishing between four-point
(FPBT) and three-point (TPBT) bending test, (iv) the observed failure mode, and (v) the
adopted corrosion process, where IC, ACE and NAT stand for Impressed Current, Artificial

Climate Environment, and Natural corrosion, respectively.

Table A-1 State-of-the-Art on flexural and shear experimental behaviour of corroded RC beams.

N° of tested corroded
Reference Test set-up Failure mode Corrosion process
beams, (un-corroded)

Al-Sulaimani et

: 2
al. (1990) 21 (3) FPBT Bending IC (200 pA/cm?)
Almusallam et al.

1 DIST Bendi IC (-pA/em?
(1997) 7 (1) S ending C (-nA/cm?)
Rodriguez et al. 21 (10) tested in bending Bending

FPBT IC (100 pA/cm?
(1997) 20 (10) tested in shear Shear (100 pA/em?)
IC
M t& El
angat & Elgarf 103 (8) FPBT Bending (1000 up to 4000
(1999) ,
pA/cm?)
Yoon et al.
FPBT i L I iff \
(2000) 7(3) Sustained Load C (different voltage)
Castel et al.
(2aOSOZa)e “ 2(2) TPBT Bending ACE (wet-dry cycles)
Capozucca & 2(1) FPBT Bendin ACE (wet-dry cycles)
Cerri (2003) g ey
Torres-Acosta et
10 (2 TPBT Bendi I Alem?
al. (2004) 0(2) ending C (80 pA/cm?)
El Maaddawy et .

1 FPBT B IC (215 pA/cm?
al. (2005) 8 (1) ending C (215 pA/cm?)
Higgins and 9(5) FPBT Shear IC (600 pA/cm?)
Farrow (2006) H
Azad et al 52 (4) FPBT Bendin IC (250 pA/em?)
(2007) & H
Torres-Acosta et

11Q TPBT Bendi I Alem?
al. (2007) ) ending C (80 pA/ecm?)
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Cairns et al.

10 (4 TPBT Bendi I Alcm?
(2008) 04 ending C (60 pA/cm?)
A :
(;gfojt al 42 (6) TPBT Bending IC (1780 pA/em?)
IC (350 up to 1330
Oyado et al. . uA/cm?)
112 FPBT Bend
(2011) ) ending +
ACE
Wang et al.
2 FPBT h IC (- pA/cm?
2011) 8(2) Shear C (- pA/em?)
Juarez et al. 5
2011) 8(8) FPBT Shear IC (100 pA/ecm?)
Xia etal. (2012) 18 (2) FPBT Bending IC (- pA/cm?)
Zhu etal. (2013) 2(2) TPBT Bending ACE (wet-dry cycles)
Dang & Francois . ACE (wet-dry cycles)
1(1 TPBT B
(2013) M ending for 27 years
S ;’h (Zr()s]h;m” e 11(2) FPBT Bending NAT
Khan et al. . ACE (wet-dry cycles)
(2014) 1(1) TPBT Sustained Load for 26 years
Vuetal (2014) 2(1) TPBT Bending ACE (wet-dry cycles)
Zhu and
1(1 TPBT Bendi ACE (wet-d 1
Francois (2014) ) endiig (wet-dry cycles)
Khan et al. Sustained Load &
2(1 TPBT ACE
(2014) M Shear ¢
Lachemi et al. 12 (4) FPBT Shear IC (200 pA/cm?)
(2014) a
Xue et al. (2014) 8(2) TPBT Shear IC (1000 pA/cm?)
Kearsley and .
117 FPBT B IC (1 Alem?
Joyce (2014) (1 ending C (1087 pA/cm?)
Yuetal (2015) 2 (1) TPBT Bending ACE (wet-dry cycles)
Zhu et al. (2015) 2(2) TPBT Bending ACE (wet-dry cycles)
Z‘O”ﬁ )e’ al. 14 (8) FPBT Bending IC (1800 pA/cm?)
Sahmaran et al. 8 (2) FPBT Shear IC (200 pA/cm?)
(2015) H
El-Sayed et al.
FPBT h IC (4 Alem?
2017) 6(3) Shear C (400 pnA/cm?)
Imam and Azad 2
2016) 13 (2) FPBT Shear IC (400 pA/cm?)
Zhu et al. (2016) 1(1) TPBT Bending ACE (wet-dry cycles)
Dong et al. : 2
2016) 15 (6) FPBT Bending IC (- pA/em?)
Xuetal (2017) 18 (3) FPBT Shear IC (800 pA/cm?)
Dasar et al. .
2017) 2 FPBT Bending NAT
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(20 years of marine

env.)
Yeetal (2018) 12 (1) FPBT Bending & Shear IC (100 pA/cm?)
Ahmad &
4 FPBT Bendi IC (-pA/cm?
Kamran (2018) ending € (nAjem’)
Zhang et al. . IC (25, 50, 100
2018) 503) FPBT Sustained Load wA/em?)
Fernandez et al. 9(3) TPBT Bendin IC (350 pA/em?)
(2018) & H
. IC (200 pA/cm?) +
. (201 1 FPBT t L
Shen et al. (2019) 3(D) Sustained Load ACE (wet-dry cycles)
Jung et al. (2019) 14 (2) FPBT Bending & Shear IC (- pA/cm?)
Hi tal 1€
(;g;’;}g erar 9(3) FPBT Bending & Shear (0.3 up t0 0.8
uA/cm?)
Han et al. (2020) 6(2) TPBT Shear IC (1000 pA/cm?)
Al-Mashgari et . IC
4 FPBT B
al. (2021) ending (800 mA)
Tariq et al. .
2 FPBT B I .01 pA/cm?
2021) 7 ending C (0.01 pA/cm?)
Yang et al. . )
(2021) 8(2) FPBT Bending IC (220 pA/ecm?)
Nasser et al. 12 (5) TPBT Bendin IC (100 pA/em?)
(2021) & H
Zou & Yang
2 FPBT h IC (1 Alem?
2021) 7 Shear C (1000 pA/cm?)
Di Carlo et al. . IC (600 for 38 days +
42 FPBT Bend
(2021) @) ending 400 for 85 days)
Naderpour et al. . .
(2022) 4 (1) FPBT Bending & Shear Turning

A total of 794 beams were analyzed; 81.61% (648 beams) were corroded at different
levels, while the remaining 18.39% (146 beams) were un-corroded and used as reference beams
for corrosion quantification and evaluation. Referring to the fifty-three scientific papers
reviewed, 62% studied the corrosion influences on the flexural structural behaviour of RC
beams, 29% analysed the shear structural performance, whereas the remaining 9% investigated

the coupled effect of corrosion and applied sustained load, as shown graphically in Figure A-1.
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Sustained Load
9%

Shear

Flexural/Bending
62%

Figure A-1 Analysis of the mechanical behaviour investigated through experimental campaigns.

As highlighted in Figure A-2(a), the majority of experimental tests were conducted by
adopting the impressed current (IC) method — 39 experimental programs —, whereas a limited
number of studies were performed by adopting the artificial climate environment method
(ACE) — 13 experimental programs. In addition, a lack of experimental tests analyzing
specimens coming from natural environments was observed. Indeed, only the experimental
research carried out by Tahershamsi et al. (2014) and Dasar et al. (2017) estimated the residual
flexural response and the pre-cracking effect on twelve and two naturally corroded RC beams,
respectively. Considering the IC method, 27.50% of the experimental campaigns using the
impress current technique, adopted current density, Lo, values ranging between 100 pA/cm?
and 400 pA/cm?, whereas 30% used I o values higher than 400 pA/cm?, as well represented in
Figure A-2(b). Although the latter recreated corrosion-induced damage in a reasonable amount
of time, allowing for shorter experimental campaigns, they resulted ineffective in replicating
the natural corrosion process. The remaining 25% adopted Icor values lower than 100 pA/cm?,
as suggested by Rodriguez et al. (1997) and Alonso et al. (1998). Unfortunately, as shown in
Figure A-2(b), 17.50% of the available experimental research did not provide the /.. values
adopted.

Due to the discrepancy in available outcomes caused by significant differences in the
assumptions of exposure condition, specimen dimensions, reinforcement ratio and adopted
accelerated method, it is difficult to draw common conclusions. However, referring to the
obtained results, it is evident how, by increasing the corrosion level, a significant decrease in
terms of flexural and shear load-carrying capacity, ultimate ductility, stiffness and bond
resistance occurred for both longitudinal and transversal reinforcements. Moreover, several
authors highlighted that as the corrosion level increases, the failure mode of corroded RC beams

shifts from ductile (bending failure) to brittle (shear or anchorage failure). Finally, some studies
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showed that the use of Carbon Fiber Reinforced Polymers (CFRP) or FRP strengthening
systems can be viable techniques for improving the load-carrying capacity of corroded RC

structural elements.

IC method
73%

35.00

30.00%

30.00 27.50%

25.00%
25.00 f

20.00 17.50%
15.00 |

10.00

Percentage of experimental
campaigns (%)

5.00

0.00

IC< 100 pA/cm2 100 <IC< 400 IC> 400 pA/cm?2 Undefined
HA/cm2

Current density intervals

Figure A-2 Analysis of the corrosion methods adopted in experimental campaigns to investigate the
corrosion effects: (a) percentage subdivision and (b) range of current density in the case of IC method.

For the sake of completeness, further State-of-the Art surveys have been conducted by
Zhou et al. (2015), Mancini & Tondolo (2014) and Kashani et al. (2019), respectively, on the
variation of the mechanical properties of concrete members, the bond decay at the steel-concrete
interface, the nonlinear behaviour of RC beams under cyclic loading and the available

numerical models for structural performance evaluation of corroded RC components.
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A.2.Mechanical behaviour of corroded ordinary reinforcements

To analyze the issue related to the mechanical property reduction of reinforcements
caused by corrosion, Table A-2 reports a general overview of the experimental tensile tests
performed globally, as well as the most used analytical models for corroded ordinary
reinforcements. The current State-of-the-Art intends to highlight all scientific works undertaken
in the prediction of the residual stress-strain response of corroded rebars by presenting a

comprehensive list of the research realized from 2000 to 2022, thus extending the survey

conducted by Vanama & Ramakrishnan (2020).

Table A-2 State-of-the-Art on tensile tests and residual mechanical response of corroded rebars.

Tensile
N° of tested rebars, . . .
Reference (un-corroded) loading Corrosion target Corrosion process
type
CDE- n 2
1 :D IC (2 pA
Almusallam (2001) 239 ((33)) Dfi M 0.88%-75%: D6 Bgrg in”c O/;I;e)te
' 2.11%-80%: D12
IC (0.01 —0.05
Cairns et al. (2005) 25: D16 and D20 M w: Up to 72% pA/cm?),
Bars in concrete
Apostolopoulos et 18 (4): D8 (tempcore) Artificial (salt spray)
M : 0
al. (2006) BST500s 7-up to 35% Bare bars
36 (6) +36 (6): D12 e
Papadopoulos et ( ()tempcf)ri) M 1 1%-8.96% Artificial (salt spray)
1. (2007 IR Bare b
al. (2007) $500s and B500C are bars
Apostolopoulos & e
+
Papadopoulos 306) < ig 0(3 ) D10 M & C 7 1.58%-8.48% Ar“ﬁgie(sitr:pmy}
(2007)
Apostolopoulos 9 (3): D12 (tempcore) Artificial (salt spray)
2 1.35%-10.49
(2007) S500s ¢ 7:1.35%-10.4% Bare bars
Alexopoulos et al. Artificial (salt spray)
48 (40): D12 BStI M -
(2007) 8 (40) StV Bare bars
NAT (chloride)
Bars i
Apostolopoulos & 25 (NAT) + 5 (artificial) M 0 0.25%-16% s lnioncrete
A VA 0~ (1)
Papadakis (2008) D10, BSt 420 Artificial (salt spray)
Bare bars
Artificial carbonation
D 295A: D1
Lee & Cho. (2009) SSD 39:5 D133 M n:up to 35% and chloride
’ (salt spray)
98 (NAT) from 64 NAT (chloride)
Papadopoulos et . . Bars in concrete
different sites: M n:up to 16% e
al. (2011) D8 and D10 Artificial (salt spray)
Bare bars
39 (1) D16 B500SD steel IC (10 pA/cm?)
(2011 M :2.1%-15.39
Cobo et al. (2011) 46 (1) D20 B500SD steel g /o-13.3% Bars in concrete
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44 (1): R6.5

n: 15.6%-31.3%

. . NAT (carbonation)
Serie-A Serie-A .
Zhang et al. (2012) ene M&C (Serie-A) Bars in concrete &
20 (1): D12 n: 4.5%-39.7% IC (100 pA/em?)
Serie-B (serie-B) H
120 bare Bars
+
. n: 0.0-14% Artificial
212 Bars in concrete
bedded IC (200 pA/cm?
Xia et al. (2013) R6, RS, R12: M (embedded) (200 pA/em)
n: 0.2%-58% ACE
(HPB235) (bare bars) (wet & dry)
D12, D14, D16, D20; Y
(HRB335, 400, 500)
Kashani et al. ) . . . IC (1.1 pA/cm?)
(2013) 39 (1): D12, B500 C n: 8.59%-47.4% Bars in concrete
IC (-pA/em?
7 (1): Bare bars n: 1.33%-13.55% c (. pA/em)
Bars in concrete
Apostolopoulos et + M Bare bars Artificial
al. (2013) 10: Bars in concrete n:0.75%-4.2% (salt spray)
D8, B500C Bars in concrete pray
Bare bars
Moreno et al. 25 (1): D16, D20 IC (10 pA/cm?)
M 0 4.01%-15.219
(2014) B500SD 7-4.01%-15.21% Bars in concrete
:D16,B 2 11.9%-22.19
6 (32temp6c’ores)ooc ! Baij] bars ‘ IC (50 pa/oms)
Meda et al. (2014) A M n: 14.76%-23 4% Bar}:?rrlecz?lrcsrete
16: D16 Bars in concrete
Kashani et al. IC (-pA/cm?)
48: D12, B : 11%-389
(2015) 8 » B500 ¢ n- 11%-38% Bars in concrete
n (M): 8.4%-
38 (2) (M) + 140 (C
Fernandez et al. (2) (M) © 21.5% IC (-pA/em?)
D10 & D12, B500SD M&C .
(2015) (tempcore) 7 (C): 8.6%- Bars in concrete
P 27.6%
Caprili et al 30 - 1.2%-44.86% Artificial (salt spray)
- 0p] 5 B500A, B400C, B450, M & C I 12707328070 Bare barsp Y
B500B, B400C, B450C
Taha & Morsy. IC (-pA/cm?)
4 : D10, D12, D1 M : 10%-30°
(2016) 8 (3): D10, » D16 - 10%-30% Bare bars
NAT (building from
18: D13, D16, D19 coastline of northern
+ Taiwan)
. 0/ _ o
Ou et al. (2016) 13: D16, 16 D29 (IC) M n: 5.9%-82.4% &
Steel A706 IC (600 pA/cm?)
Bars in concrete
NAT (1 year) &
Lu et al (2016) 10 (1): D16, HRB400 M n: 1.87%-5.77%  Artificial (wet & dry)
Bars in concrete
NAT
Lietal (2017a; (carbonation
34 (3): R12 0 2.80%-9.409
2017h) ) ¢ 7 2.80%-9.40% 35 years)
Bars in concrete
13 (1): D8
Imperatore et al. 14 (1): D12 IC (-uA/cm?)
M 0 4.4%-53.219
(2017) 20 (1): D16 7: 4.4%-33.21% Bare bars
18 (1): D20
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Caprili et al.

D8, D12, D16, D20, D25

Steel B400, B450,

M&C

n:0.3%-18.5%

Artificial (salt spray)

201 B
(2018) B500A, B500B, B500C are bars
Artificial
Finozzi et al. 8 (1 pit), 3 (2 pits), (3): .
M - Up t0 56.5° t
(2018) D16, B550B #: Up 10 56.5% (turning)
Bare bars
56 (5): D10, B500B Artificial (wet & d
Chen et al. (2020) (5): D10, M e 1.56%-33.650, rificial (wet & dry)
(tempcore) Bars in concrete
NAT
Ve 38: R12.7 7: 0.81%-79.64% (S4-year-old)

, MS250 — MS350 (NAT) Y
Ramakrishnan M Bars in concrete
(2020) N 1:9:95%-5051% 16 (4421 pAvem?)

15: D16, Fe500D (IC) i

Bare bars

IC = Impressed Current method, ACE = Artificial Climate Environment method, NAT = natural corrosion, M = monotonic test, C =

cyclic test, D = deformed/ribbed rebar, R = round rebar, ¢ = rebar diameter.
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From a general point of view, the rebars tested in scientific works were corroded in
different ways:

=  Through the impressed current technique: by applying a current density, Zcor,
ranging between 0.01 pA/cm? to 100 pA/cm?, except for the experimental
works conducted by Xia et al. (2013), Ou et al. (2016), and Vanama &
Ramakrishnan (2020), who adopted .. values equal to 200 pA/cm?, 600
nA/cm? and 4421 pA/cm?, respectively;

=  Through artificial climate environment (the ACE technique): by applying salt
spray;

= Through the samples exposure to wetting and dry conditions;

= Through natural deterioration: by retrieving samples from existing structures
subjected to aggressive natural environments for several years.

In particular, the mechanical behaviour of both bare bars and bars embedded in
concrete was experimentally investigated.

Referring to the quantification of corrosion effects, the two main analyzed corrosion
parameters were the mass loss, 7, and the maximum cross-sectional 10ss, tmax (i.€. minimum
cross-sectional area, Amin) of the corroded reinforcement. Nevertheless, the maximum
penetration depth, Pyax, Was also recognized as a relevant corrosion parameter in the prediction
of the residual stress-strain response of corroded rebars, Taha & Morsy (2016) and Lu et al.
(2016). However, a great variability of experimental results was observed due to different
factors, such as (1) the different testing conditions, (ii) the corrosion methods adopted, and (ii1)
the different mechanical properties of the un-corroded tested samples.

Based on the obtained outcomes, the scientific community agrees in affirming that
corrosion primarily deteriorates: (i) yield, f,, and ultimate strength, f,, (ii) ductility, and ultimate
strain, &, and (iii) fatigue life of rebars. It was also observed that an increase in the corrosion
level results in a decrease in the elasticity modulus, Es, and a transition from ductile to brittle

failure mode, associated to a significant reduction in yielding plateau.
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A.3.Maximum pits features and area loss due to pitting classification

Considering the 24 collected samples Table A-3 reports the geometrical description of

the maximum pit of each external wire (six for each sample) composing the strand and the

additional classification of the corresponding area loss due to pitting through the comparison
with three different pit type morphology configurations: (1) hemispherical, (2) half-moon and

(3) planar. The core wire was assumed as un-corroded.

Table A-3 Geometrical description of the maximum pit for each external wire and additional
classification of the corresponding area loss due to pitting.

g s Py Py P, Ap Ap1 Ap,2 Ap3 Final
Identifying Code 5 9 9 5 5 q
[mm] [mm] [mm] [mm?} [mm?} [mm?’ [mm?} classification
PBY9-L(12-82) W1 1.198 2029 1.98 3.87 2.44 5.03 3.28 3
W2 1336 27.03 236 3.98 2.86 5.59 3.82 3
W3 1421 20.80  2.06 425 3.12 5.93 4.16 3
W4 1.144 652 2.81 2.45 2.28 4.81 3.08 1
W5 1410 5389 2.38 3.15 3.09 5.89 4.12 1
We6 1711 25.63 2.28 5.76 4.08 7.08 5.35 3
PBY-L(426-496) w1l - - - - - - - -
w2 - - - - - - - -
W3 0414 1.22 1.16 0.57 0.51 1.76 0.71 1
W4 0424 073 0.83 0.51 0.53 1.80 0.74 1
ws5 - - - - - - - -
W6 0377 1.95 1.31 0.49 0.44 1.60 0.62 1
PB9-R(15-60) W1l 1574 1897 233 5.46 3.62 6.54 4.78 3
W2 1.620 12.84 241 5.83 3.77 6.72 497 2
W 3 1432 1526  2.06 397 3.16 5.98 4.20 3
w4 2785 13.78  2.87 9.21 8.09 10.94 9.86 3
W5 1393 13.41 2.81 3.84 3.03 5.82 4.05 3
W6 1202 893 142 3.53 245 5.05 3.30 3
PBY9-R(428-473) w1l - - - - - - - -
w2 - - - - - - -
w3 - - - - - - - -
W4 0.170 1.86 0.65 0.11 0.14 0.72 0.19 1
w5 - - - - - - - -
W6 - - - - - - - -
PB10-L(138-208) w1l - - - - - - - -
W2 0317 352 1.43 0.52 0.34 1.35 0.48 3
W 3 0591 5.87 2.56 1.35 091 2.50 1.19 3
W 4 0405 476 1.68 0.68 0.41 1.72 0.69 3
w5 - - - - - - - -
W6 - - - - - - - -
PB10-L(445-515) W1 0889 532 2.23 2.16 1.58 3.75 2.15 3
W2 1166 4.6 2.08 3.59 2.35 4.90 3.16 3
W3 1110 511 2.09 2.25 2.18 4.67 2.95 1
W 4 2447 839 3.56 7.78 6.76 9.80 8.46 3
W5 2050 1020 293 6.15 5.28 8.37 6.78 3
W 6  2.566 15.03 3.69 7.36 7.23 10.22 8.96 1
PB10-R(32-102) w1l - - - - - - - -
(NEGLECTED) w2 - - - - - - - -
w3 - - - - - - - -
w4 - - - - - - - -
w5 - - - - - - - -
we6 - - - - - - - -
PB10-R(287-332) W1 1.529 893 2.77 4.00 347 6.36 4.60 1
W2 1360 6.32 2.87 451 2.93 5.69 3.92 3
w3 0727 1.68 0.91 1.36 1.17 3.08 1.61 1
W4 1426 722 2.96 3.94 3.14 5.95 4.18 3
W 5 2880 10.17 295 8.41 8.47 11.24 10.24 1
W6 1.127 731 1.69 1.85 2.23 4.74 3.01 1
PB11-L(5-75) Wil - - - - - - -
Un-corroded w2 - - - - - - - -
w3 - - - - - - - -
w4 - - - - - - - -
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0.521  3.01 1.78 0.60 0.72 2.21 1.00
0.898  5.99 2.90 2.30 1.60 3.79 2.19
1.402  8.75 3.09 438 3.06 5.86 4.08
0.505  2.66 1.08 0.35 0.68 2.14 0.95
0.555  2.77 1.46 0.53 0.79 2.36 1.09
0.437  1.09 1.42 0.52 0.55 1.86 0.77

PB11-L(196-266)

PB11-R(6-51) 0976  4.24 2.11 2.15 1.81 4.11 2.46

1.35 0.71 0.19 0.17 0.83 0.24

0349 251 1.27 0.62 0.40 1.48 0.55

0274 241 0.76 0.25 0.28 1.17 0.39
PB11-R(273-318) - - - - - B -
(NEGLECTED)

1.152 1422 340 291 2.30 4.84 3.11

AN B WD~V R WD =WV RWND R~ W
o
—_
O
N

1.549 1547 3.89 4.82 3.54 6.44 4.68
0.814 2338  2.05 2.11 1.39 3.44 1.90
1.075 10.32 1.97 2.39 2.08 4.52 2.82
0974  4.13 1.22 251 1.80 4.11 245
0.734  6.51 2.00 2.94 1.19 3.11 1.64
1.251 4121 247 5.88 2.60 5.25 3.49

PB12-L(12-82)

PB12-1L.(124-169) 0.645 2.61 1.70 1.53 0.98 2.73 1.36
0.865  3.90 1.12 1.58 1.52 3.66 2.07
0.958 1325 328 2.12 1.76 4.04 2.40
0478  3.19 1.12 0.61 0.63 2.03 0.88
0.599 491 1.63 0.66 0.88 2.54 1.22

1.227 10.84  2.88 3.17 2.53 5.15 3.40

PB12-R(100-170) 0.894  4.68 1.52 1.96 1.59 3.77 2.17
1.001 6.80 2.26 2.81 1.88 4.22 2.55
2.67 2.67 1.40 1.27 3.24 1.74
0.866  2.83 1.62 1.62 1.52 3.66 2.08

0.782  11.03 1.74 1.20 1.31 3.31 1.79

PB12-R(358-403)
Un-corroded

PB13-L(1-46)

‘-b‘w‘l\)"—'o\m-bwl\)'—'O\U\kal\)'—'O\U\-bwl\)'—‘O\U\-wav—‘
e
=2
(=)
N

0972 577 141 297 180 410 245

PB13-L(108-178) 1.595 15.16  2.55 4.68 3.69 6.62 4.87
21.60  2.90 2.60 2.70 5.39 3.62
1.840  12.09  3.00 3.79 4.53 7.58 5.89
1.327 821 3.60 3.69 2.83 5.55 3.78
1.285 1338 2.70 2.49 2.70 538 3.62

1.645 1523  3.36 4.12 3.86 6.82 5.07

[ NN
B LW =YW,
—_
[\
o
N

PB13-R(0-70) 1.147  19.22 1.63 3.18 2.29 4.82 3.09
4.57 1.91 2.82 2.74 543 3.67
1294 1042 232 2.90 2.73 5.42 3.66
1.141 9.53 1.74 2.44 227 4.80 3.07
1.380 1039 239 3.19 2.99 5.77 4.00

0908  6.81 1.39 3.12 1.63 3.83 2.22

NN
B LW =YW,
—
N
O
2

PB13-R(70-115) 0.876 2539 293 2.53 1.54 3.70 2.11
12.01  2.84 2.80 1.90 4.25 2.58
0.779 785 233 2.16 1.30 3.30 1.78
0465  4.27 1.86 0.92 0.61 1.97 0.84
0.634  2.58 1.39 1.02 0.96 2.69 1.32

0353  3.63 1.61 0.53 0.40 1.50 0.56

‘b‘w‘w‘— AN W
—_
(=
(=]
o

PB14-L(10-55) 2229 3419 297 7.58 5.94 9.03 7.54
5.79 1.73 2.92 2.15 4.62 291
1.290  10.91 2.16 3.08 2.72 5.40 3.64
2237 1751 3.43 5.92 5.97 9.06 7.57
0.837 1638 240 293 1.44 3.54 1.98

3.51 245 3.88 2.17 4.65 2.93
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Un-corroded w2 - - - - - - - -
w3 - - - - - - - -
w4 - - - - - - - -
w5 - - - - - - - -
w6 - - - - - - - -

PB14-R(2-72) W1 1201 1649 1.76 1.93 245 5.04 3.30 1
W_2 1.055 17.58 242 3.08 2.03 4.44 2.75 3
W 3 1.228 10.19 232 2.63 2.53 5.15 3.40 3
W4 1.180 526 1.20 291 2.38 4.95 3.21 3
W_5 1.095 19.40 2.23 3.64 2.14 4.61 2.90 3
W6 1217 27.04 224 3.04 2.50 5.11 3.36 3

PB14-R(77-122) W1 0481 335 1.40 0.58 0.64 2.04 0.88 1
W2 0424 358 1.28 0.40 0.53 1.80 0.74 1
W3 0413 094 0.61 0.38 0.51 1.75 0.71 1
W 4 0329 1.99 1.38 0.52 0.36 1.40 0.51 3
W_5 0443 545 1.06 0.62 0.56 1.88 0.78 1
W 6 0541  2.53 0.96 0.71 0.76 2.30 1.05 1

** Where W stands for wire and the number ranging from 1 to 6 identifies the different external wires
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Appendix

A.4.Cross-sectional loss evaluation of corroded external wire

Considering the 24 collected samples, Table A-4 reports the cross-sectional loss, x, of

each external wire (six for each sample) at the section where the longitudinal maximum pit

depth, Ppax,iong, Wwas measured. The core wire was assumed as un-corroded.

Table A-4 Cross-sectional loss, u, of each external wire at the section where the longitudinal
maximum pit depth, Ppaxiong, Was measured.

Sample ID° wire [‘;, | Sample ID° wire [‘f/lo]
PB9-L(12-82) w1 24.23 PB9-R(15-60) w1 7.18
W 2 21.02 N 6.59
W3 11.19 W 3 27.40
W 4 11.42 W_4 69.21
W 5 23.42 W_5 18.63
W_6 37.59 W_6 10.46
PB9-1.(426-496) W1 - PB9-R(428-473) W1 -
W 2 - Un-corroded W 2 -
W 3 - W_3 -
W_4 3.67 W 4 -
W 5 - W 5 -
W 6 - W 6 -
PB10-L(138-208) W1 - PB10-R(32-102) w1 -
W 2 - (NEGLECTED) W 2 -
W3 8.39 W 3 -
W 4 1.22 W 4 -
W_5 - W_5 -
W_6 - W_6 -
PB10-L(445-515) W1 1.30 PB10-R(287-332) W1 13.26
W 2 - W 2 -
W 3 - W_3 -
W_4 59.61 W_4 7.48
W 5 29.94 W_5 59.58
W 6 - W 6 1.58
PB11-L(5-75) w1 - PB11-R(6-51) w1 17.41
Un-corroded W 2 - W 2 -
W3 - W 3 -
W 4 - W 4 -
W 5 - W 5 -
W_6 - W_6 -
PB11-L(196-266) W1 - PB11-R(273-318) W1 -
W 2 4.41 W 2 -
W3 28.66 W3 23.52
W 4 2.81 W 4 -
W 5 - W 5 -
W 6 1.06 W 6 -
PB12-L(12-82) w1 19.19 PB12-R(100-170) W1 15.18
W 2 21.14 ‘' 3.26
W3 13.74 W 3 -
W 4 11.20 W 4 -
W 5 21.73 W 5 -
W_6 36.86 W_6 8.97
PB12-1,(124-169) W1 - PB12-R(358-403) W1 -
W2 2.23 Un-corroded W 2 -
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W3 - w3
W 4 - W 4
W 5 4.24 W5
W_6 23.96 W 6
PB13-L(1-46) W1 - PB13-R(0-70) w1
w2 - W 2
W 3 - W 3
W_4 22.85 W 4
W 5 7.78 W5
W 6 - W_6
PB13-L(108-178) W 1 34.38 PB13-R(70-115) W1
W2 - W 2
W3 - w3
W 4 - W 4
W 5 - W 5
W 6 - W 6
PB14-L(10-55) W1 53.06 PB14-R(2-72) W1
W 2 12.10 W 2
W3 17.60 w3
W 4 14.94 W 4
W5 17.89 W5
W 6 12.80 W_6
PB14-L(455-500) W1 - PB14-R(77-122) W1
Un-corroded W 2 - W 2
W3 - W3
W 4 - W 4
W5 - VAR
W 6 - W 6
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