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ABSTRACT

Reinforced concrete is known one of the most popular materials applied in construction.
Nevertheless, after a period of time it can be corroded. Chlorides and carbonation are the main factors
causing to corrosion in reinforced concrete structure. The thesis aimed to study the corrosion behavior
of reinforcement concrete under carbonation or chloride environment, corresponding to the influence

of top-bar effect, the cement type as well as artificial transverse crack or load-induced cracks.

In general, carbonation induced corrosion is usually studied from the point of view that it
generates uniform corrosion. The first objective of the thesis is to study and quantified the part of
macro cell corrosion in carbonated induced corrosion. According to the results of experiments in this
part, corrosion rate in carbonated concrete reinforcement is likely to consider from the point of view
of both uniform and macro cell corrosion, the latter one being strongly influenced by the ratio
cathode/anode. In addition, the use of CEM Il containing slag as addictive, allowed a reduction of

macro cell corrosion.

The second part focuses on the influence of top-bar effect, on corrosion behavior in the case
of carbonation induced corrosion and the presence of load induced crack. Macro cell corrosion current
monitoring, using a steel coupon, was utilized in the experiment allowing the loss of mass as well as
corrosion kinetic to be calculated. Corrosion mainly developed at the location of the pre-cracks. Due
to the top-bar effect, upper bars were more corroded than bottom bars. Macro cell current corrosion
of top bars was observed higher than bottom bars. Loss of steel mass calculated from macro cell
current measurement corresponds to only to a small part of the total loss of mass determined by

gravimetric measurement. Uniform corrosion appears to be the main phenomena.

The last part investigates the influence of top-bar effect in fibers concrete samples with or
without artificial crack, on chloride induced corrosion. The top steel bars are more corroded than the
bottom bars and the upper part of the top bar exhibit higher corrosion than the lower part. In presence
of artificial crack, the top casting effect results that corrosion spreads along the surface of the steel
bars. Corrosion also spreads along the top bar when there is no artificial crack, in a time not so different
from the case of the presence of artificial crack. It confirms that top surface exposure and top bar
effect are highly prejudicial for corrosion. By comparing the behavior with concrete without fibers, it
appears that the addition of fibers in reinforced concrete leads to an increase of resistance to corrosion

induced cracking.

For each part, experimental observations are coupled with numerical simulations to compare

as well as demonstrate the experimental results.
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Key words: reinforced concrete, carbonation induced corrosion, chloride induced corrosion, uniform

corrosion, macro cell corrosion, top-bar effect, load-induced crack, artificial crack.
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RESUME

Le béton armé est un des matériaux les plus utilisés dans la construction. Néanmoins, apres
une période variable de fonctionnement, il peut se corroder. Les chlorures et la carbonatation sont les
principaux facteurs provoquant la corrosion des structures en béton armé. La thése a pour objectif
d’étudier le comportement a la corrosion des armatures du béton sous environnement de
carbonatation ou des chlorures, correspondant a I'influence du coulage a l'interface acier/béton (top-
bar effet), du type de liant utilisé ainsi que d’une fissure transversale artificielle ou des fissures

transversales induites par le chargement mécanique.

En général, la corrosion induite par la carbonatation est étudiée du point de vue d’un processus
de corrosion uniforme. Le premier objectif de la thése est d’étudier et de quantifier la présence de
corrosion par macro pile (ou non uniforme) dans la corrosion induite par la carbonatation. Selon les
résultats des expériences menées dans cette partie, le taux de corrosion dans les armatures de béton
carbonaté est susceptible d'étre considéré du point de vue simultané de la corrosion uniforme et
macro pile, cette derniére étant fortement influencée par le rapport cathode/anode. De plus,
I'application de CEM llI utilisant des laitiers comme addictif a montré une réduction efficace de la

corrosion non uniforme.

La deuxiéme partie se concentre sur l'influence de |'effet des défauts a l'interface acier/béton
liés au coulage du béton (top-bar effet) sur le comportement a la corrosion dans le cas d'une corrosion
induite par la carbonatation et de la présence d'une fissure induite par le chargement mécanique. Le
suivi du courant de corrosion par macro pile, a I'aide d’'un témoin métallique, a été utilisée dans
I'expérience. La perte de masse ainsi que la cinétique de corrosion ont été calculées. La corrosion s’est
développée principalement au niveau de la fissure induite par le chargement. En raison de l'influence
de la qualité de I'interface acier/mortier, les barres supérieures étaient plus corrodées que les barres
inférieures. Le courant de corrosion de macro pile mesurée sur les barres supérieures était plus élevé
que sur les barres inférieures. La perte de masse de |'acier calculée a partir de la mesure du suivi de
courant ne correspond qu'a une petite partie de la perte de masse totale déterminée par mesure

gravimétrique. La corrosion uniforme semble ainsi étre le phénomeéne principal.

La derniére partie étudie I'effet des défauts de coulage a I'interface acier/béton (top-bar effet)
dans des échantillons de béton fibré avec ou sans fissure artificielle sur la corrosion induite par les
chlorures. Les barres supérieures sont plus corrodées que les barres inférieures et la partie supérieure
de la barre supérieure présente une corrosion plus élevée que la partie inférieure. En présence de
fissures artificielles, le “top-bar effet’”” entraine la propagation de la corrosion le long de la surface des

barres d'acier. La corrosion se développe également le long de la barre supérieure lorsqu'il n'y a pas
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de fissure artificielle, dans un temps pas si différent du cas de la présence d'une fissure artificielle. Cela
confirme que I'exposition aux chlorures de la surface supérieure et le « top-bar effect » sont tres
préjudiciables a la corrosion. En comparant le comportement avec un béton sans fibres, il apparait que
I'ajout de fibres dans le béton armé entraine une augmentation de la résistance a la fissuration induite

par la corrosion.

Dans chaque partie, les observations expérimentales sont couplées a des simulations

numeériques pour comparer et démontrer les résultats expérimentaux.

Mots clés: béton armé, corrosion induite par la carbonatation, corrosion induite par les
chlorures, corrosion uniforme, macro pile, top-bar effet, fissure induite par le chargement mécanique,

fissure artificielle.
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GENERAL INTRODUCTION

Reinforced concrete is known as one of the most popular materials applied in construction
thank to the excellent combination from compression strength of concrete and high tensile strength
of steel bar. It is obviously most widely used in almost buildings, bridges as well as other structures in
Vietnam. However due to exposure to such aggressive environments including carbonation or
chlorides, reinforced concrete is sensitive to corrosion which leads to the reduction of mechanical
performance during its lifetime, eventually triggering serious incidents or collapse of the structures.
Unfortunately, Vietnam is a country where exist many “good condition” for aggressive factors causing
corrosion. On the one hand, Vietnam owns a long coastline extending from north to south with over a
length of 3260 km which facilities the chlorides induced corrosion. On the other hand, Vietnam is one
of the most vulnerable countries to climate change and global warming. Emissions were estimated
multiplied fivefold in the last 20 years. This led to the risk of carbonation induced corrosion to
structures placed in populous cities with density of building. As a result, in-depth studies on the
corrosion of reinforcement in concrete are necessary in order to analyze the behavior, evaluate the

residual durability of the structures or giving solution to protect them from corrosion.

The main objective of the thesis is to study and give supplementary information concerning
the response of reinforced concrete exposed to corrosion due to carbonation or chlorides. Additional
points studied in the thesis are: the quantification of the ratio macro cell corrosion versus uniform
corrosion, in carbonation-induced corrosion; the effect of load-induced cracks on carbonation-induced
corrosion in case of “top bar effect”; the influence of “top bar effect” on chloride-induced corrosion,

with or without artificial crack.

The presence of macro cell corrosion in carbonation-induced corrosion was hardly studied [1]

in literature, and then be included in the thesis.

For carbonation-induced corrosion in presence of load-induced crack, Ghantous [2] in 2016
draws the following conclusion. After quick initiation at crack tip, there is a decrease in the corrosion
kinetics with respect to time, and also there is also an absence of corrosion-induced cracks detection.
Ghantous concluded that it can be predicted that structure sustainability will not be threatened by
carbonation-induced corrosion deep in the crack. Nevertheless, this conclusion needs to be verified in
case of presence of top-bar defects. Indeed, top bar defects would lead to a longer corroded zone from
the crack tip and could lead to the appearance of corrosion-induced cracks before a significant

decrease in corrosion kinetics.
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For chlorides-induced corrosion in presence of cracks, the conclusions which can be drawn at
this moment are more controversial. In the case of load-induced cracks, as studied and concluded by
Hess in 2024 [3] the most important bias for the understanding of the corrosion process is the exact
definition of the crack geometry at the steel concrete interface level and the resulting mechanical
damage. To avoid this unknown of width of cracks at the SCI, Zhang [4]have performed his thesis with
the use of artificial crack, where opening is constant from the concrete surface still the SCI. In this case,
the artificial crack only plays a role of direct access for chlorides to SCl and allows to study the corrosion
behavior in relation with the quality of interface, without any risk of healing or self-healing of the crack.
The study of top bar defects and also the possible restriction of corrosion-induced cracking due to the

presence of fibers in the concrete could then be studied.

In this thesis, the effect of top casting induced defects and cracks on the corrosion behavior
were investigated. Both carbonation-induced corrosion and chlorides-induced corrosion were studied.
If the macro cell predominant behavior is well established now for chlorides-induced corrosion, it was
an open question concerning the carbonation-induced corrosion and was the subject of chapter 3. The
effect of top-bar defects on carbonation-induced corrosion in presence of load-induced cracks was
studied in chapter 4: it allows to complete the results concerning the presence of load-induced cracks
on carbonation-induced corrosion already studied by Ghantous [2]. Finally, the presence of top bar
defects associated with the use of concrete reinforced by fibers and the presence of artificial cracks
was studied in chapter 5: it allows to study the possibility of anodic control of corrosion by increasing
the confinement of corrosion products, and to complete the results from Zhang [4] concerning the

effect of top bar defects associated with an artificial crack.
In the following, a brief description of each chapter in this thesis is given:

% The first chapter presents a literature review on both carbonation-induced corrosion and
chlorides-induced corrosion. The effect of cracks, both load-induced cracks and artificial cracks
are also reviewed in case of corrosion due to chlorides or carbonation.

% The second chapter describes the experimental program.

The remaining chapters going from the third one to the fifth one aim to present and discuss results:

«» The third chapter is dedicated to discuss the part of uniform and macro cell corrosion in case
of carbonation-induced corrosion.

< The chapter 4 discusses the influence of the top bar defects on the carbonation-induced

corrosion in presence of load-induced cracks.
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% The chapter 5 presents the corrosion results obtained in case of chloride-induced corrosion in
presence of both top bar defects and artificial crack. The presence of fibers and their effects

on corrosion and cracking control are discussed.
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CHAPTER I. LITERATURE REVIEW

1. Introduction

When steel bars were embedded in concrete, they immediately receive the protection against

corrosion. The concrete cover delays the time exposure to reinforcement bars from aggressive factors

including carbonation and chloride ions. Also a highly alkaline pore solution derived from the hydration

of cement (pH around 12.5-13) leads to form a thin, dense and passive film which limit the corrosion

process at the steel surface to value below 0.1uA/cm? [5, 6]. However, in case of the presence of

chlorides or carbonation the steel bars would become depassivated then active corrosion takes place

causing the deterioration of the reinforced concrete structures. Several factors are related to facilitate

the corrosion of steel bars and can be listed such as load-induced cracks, top bar effect and quality of

steel concrete interface. This chapter focuses on the overall knowledge concerning the effect of these

factors on corrosion behavior of concrete undergo carbonation and chloride contamination.

The following objectives include:

e Fundamental of corrosion of steel in concrete

e Carbonation induced corrosion in concrete

e Chloride induced corrosion in concrete

e Influence of crack on the corrosion of steel in concrete

¢ Influence of top bar casting of steel in concrete

1. Corrosion of steel in concrete

1.1. The process of corrosion of steel in concrete

Generally concrete protects steel bars from corrosion thanks to the high alkalinity in concrete

when the pH of the pore solution is around 12.5-13. It is described in the Pourbaix diagram (Figure 1):
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It can be seen that the iron oxides Fe304 and Fe,0s3 are species dominated in the interval value pH
around 13 and steel bars are in passive form. This passivated film is a bilayer model consisting of the
inner layer and the outer layer. The former was observed rich in Fe ** oxides while the latter was rich
in Fe3* oxides and hydroxides [8-10]. In simulated alkali-activated fly ash the passive film was indicated
with FeOOH-rich outer layer and FeO-rich inner layer [11]. The thickness of this thin protective layer
was determined by value less than 10nm in different alkaline solution [12, 13], even around 3nm
regardless of the electrolyte composition [8]. In the case of steel embedded with a cement matrix, it
possessed a thickness about 10um [14, 15]. The steel is protected by a passive film and dissolves at
very low kinetic. The corrosion rate is less than 1um/year [16, 17], even approximately 0.1 um/year [2,
18]. However the passive film can be destroyed by the carbonation or chloride contamination[6, 18,

19].

Corrosion of steel in concrete is an electrochemical process and composed of four partial processes

(Figure 2):
la
Anodic process
Im
Transport of Transport of
current within la=loon = Ic = I = lcor current within
the concrete the metal

!COI‘\

Cathodic process I

Figure 2 : Electrochemical mechanism of corrosion of steel in concrete [18]

e Anodic reaction:

This is the process from that iron was oxidized and electrons were liberated.

Fe —> Fe?+2e

e (Cathodic reaction:

In the presence of oxygen, it consumes electrons to produces hydroxide and increase the alkalinity.

The reaction will be:

0;+2H,;0 +4e° ——> 40H"
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This reaction is the most frequent with atmospheric exposed concrete. The cathodic reaction is

conditioned by oxygen availability determined by its diffusion kinetics through the cement matrix.

It could be noted that the cathodic reaction does not always corresponds to the reduction of
oxygen, for example when the metal structure is buried in an anoxic soil which has poor oxygen. In
that case the cathodic reaction can be the production of Hydrogen (it could also be the case in cathodic

protection by impressed current).

o The transport of electron within the metal from anode to cathode.

e The transport of anions in the concrete from cathodic regions to anodic regions.

According to the different spatial locations of anode and cathode, corrosion of steel reinforcement
in concrete structures can occur as uniform corrosion (anodic and cathodic zones are coincident) or
galvanic corrosion (also known as macro cell, non-uniform or localized corrosion; anodic and cathodic

zones are separated).

It should be noticed that in the point of view of the author of this thesis (and his supervisor) that
the term of microcell which could be found in literature [20] is ambiguous and need clarification.
Indeed, it corresponds in some case to uniform corrosion and in some case in small macro cell
corrosion. The use of the term microcell to characterize small macro cell is not appropriate since
whatever the distance between anodic and cathodic site, the corrosion process is the same. The use

of microcell to indicate uniform corrosion would be then avoided in this thesis to eliminate confusion.

e Uniform corrosion: this means that the anodic (active steel) and cathodic (passive steel) zones
are adjacent from one another. Each electron produced by an anodic reaction is consumed by
a cathodic reaction. The Ohmic effect due to electrolyte resistance is inexistent and there is no
current in the concrete [21]. In reinforced concrete, uniform corrosion could only exist in the
case of corrosion-induced by carbonation, but is always coexisting with macro cell corrosion.

e Macro cell or Galvanic corrosion: this means that the anodic sites are distant from the cathodic
ones: it could be adjacent and then sometimes up to a distance a few meters [22]. Electrons
produced by anodic reaction could be consumed by cathodic reaction occurring somewhere
else on the network of steel bars in concrete structure. The anodic and cathodic sites do not
reach the same potential and there is presence of a corrosion current in sound concrete. Macro
cell corrosion is consensually considered frequently induced by chlorides [19, 22-27] and is
hardly considered in the case with carbonation induced corrosion. This case will be discussed

further in this thesis.
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Normally the steel bars in the concrete play the role of electron conductor and the pore solution
in concrete acts as the conductor for the flow of ions. The corrosion rate in the concrete is negligible if

presence of one in these conditions:

e The anodic current is slow (or passive control): when steel bars are passive, without the
presence of aggressive factor such as carbon dioxide or chlorides.

e The cathodic process is slow (lack of oxygen or control of oxygen transport): when the diffusion
of oxygen is slow or concrete is water-saturated.

e The resistance of concrete is high (or Ohmic control): when the exposed condition is low or dry

relative humidity.
On the other hand, when the three conditions are present, the corrosion rate is high:

e The steel bar is depassivated
e Oxygen can reach the surface of steel

e Concrete resistivity is low.

Corrosion rate highly depends on the moisture in concrete. With high density concrete, corrosion
rate could reach the maximum value when moisture content is equivalent to the equilibrium with a
relative humidity ambiance of about 95% and a slightly higher relative humidity in the case of low-
density concrete. Beyond this value (i.e concrete with high moisture content or near saturation), the
electrochemical process is control by the cathodic process, the corrosion rate decreases with the
increase of water content. Contrary, if concrete has lower moisture content, the corrosion rate

depends of concrete resistivity.

Nevertheless, it should be noticed that even if the anodic site is in water-saturated concrete, the
corrosion rate could be very important if there is somewhere a non-saturated cathodic zone: this is

the case for partially submerged reinforced concrete pile [28, 29] for example.

The summary of corrosion rate related to different conditions is shown in Figure 3:
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1.2. Consequence of corrosion in concrete

The combination from irons oxidized and alkalinity can generate corrosion rust. Firstly, is the bright

green ion (Il) hydroxide:
Fe?*+20H ——> Fe (OH),
This ion hydroxide then can consume oxygen and water results in ion (111):[18]
4 Fe (OH);+2H,0+ 0, —>  Fe(OH)3

In reality, the precise composition of the corrosion product is not just only as in the chemical
reactions above. It depends on some parameter such as oxygen concentration, pH value, temperature,
carbonation, chloride contamination, etc... Additionally, the corrosion products lead the increase of
volume of steel bars up to several times (1.8 to 6.2 times) [30, 31]. The expanding depends on the

composition of chemical elements as in following Figure 4.

36



CHAPTER I. LITERATURE REVIEW

— —— ———— ——— - ——

o~ Fe qPure iron
HeO 1 Wustite
Fe,0f 4 Magnetite
o- FeyO4 4 Hematite
¥- Fe,04 4 Maghemite
6- FeQOH 4 Feroxyhite
o- FgOOH 4 Goethite
v- HeOOH 4 Lepidocrocite
[é- FeOOH 4 Akaganeite
Fe(OH), 4 Ferrous Hydroxide
Fe(Ol) Y Ferric Hydroxide
€3 - E

0 1 2 3 4 5 6 7
Unit Volume

Figure 4 : Corrosion products and their expand factors [30]
At the beginning, a small amount of the rust may partly fulfill the pore in concrete without causing
negative effect. However, when the volume is greater, there will be a pressure on the steel-concrete

interface consequently generating cracks in the concrete cover and leading to a loss of bonding

between steel and concrete as well as spalling and even delamination (Figure 5).

Figure 5 : Corrosion induced cracking of concrete(a. steel bar in the passive sate, b. internal crack within the concrete

cause by rust growth, c. spalling of concrete by expansive rust products) [32]

On the other hand, the reduction of the cross section of steel bars lead to decrease the load-
bearing capacity and to reduce the ductility of steel reinforcement.
2. Carbonation induced corrosion in RC
2.1. Carbonation of concrete

Carbonation process in reinforced concrete structures results from the ingress of atmospheric
carbon dioxide in the concrete porosity. Carbon dioxide reacts with the hydrated cement paste and

tends to neutralize the alkalinity of concrete and changes several characteristics of concrete including
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the microstructure of concrete, its mechanical performance, its transport properties and its water

content.

Firstly, when carbon dioxide encountered concrete interstitial solution, it dissolved in the water

then hydrating in the form of carbonic acid and followed by several reactions:
CO; + H, O —> H)CO3

H,COs3 + H,0 —> H30*+ HCOs (pH is about 6.3)

HCOs + H,0 —> COs* + H,0 (pH is about 10.3)

For concrete made of Portland cement, the reactions between calcium hydrate in the cement

paste and CO; can be written schematically as (Figure 6):
CaOH, —>Ca%* +20H

Ca®* + COs* —> CaCo?

Figure 6 : Portlandite carbonation mechanism [33]

Also C-H-S can be carbonated as the equation below to form an amorphous structure which is

similar to silica gel (Figure 7):

(Ca0)x — (Si03)y-(H20),+ xH,C03 ——> xCaCOs+ y Si0,.tH,0+(x-t+z)H,0
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Figure 7 : C-S-H carbonation mechanism and formation of silica gel [34]

Additionally, there are other hydrates sensitive to carbonation such as hydrated calcium
aluminates which result from the hydration of CsA. However, the amount in conventional cementitious

material contained moderate sulfate and/or aluminate is small (Table 1).

Composition of cement Proportion (%)
GsS 50-70
C.S 15-30
GA 5-10
C.AF 5-15

Table 1: Proportion of composition of clinker([35, 36]

The carbonation reaction firstly commences at the surface of the concrete. The rate of carbonation

decreases in time and is affected by the diffusion of CO; according to Equation 1:

d=Kvt Equation 1

Where d is the carbonation front (mm) and t is the exposure time (year). The coefficient K can be
determined thanks to a measure of the rate of carbonation for given concrete and environmental
condition. Its value indicates the concrete quality. In case of poor concrete (which means highly porous
concrete) or good concrete (concrete which has low porosity, well compacted and cured), K is more
than 9 and less than 6, respectively. While average concrete (concrete which has medium porosity), K

ranges from 6 to 9 [37].
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Carbonation leads to several changes in reinforced concrete relating to the microstructure, the
mechanical performance, the transport properties, the water content and the pH value. On the one
hand, carbonation is found that it does not cause damage to the concrete itself and on the contrary, it
can reduce the porosity in concrete then increase its mechanical properties [38]. Nevertheless, it can
trigger some consequence to reinforced concrete structure. The drop of pH in interstitial solution
promotes the depassivation process of embedded steel. Also, the modification of water transport
because of carbonation[39] may influence to the oxygen concentration and the saturation degree in

the concrete which directly affect the kinetic of corrosion in reinforced concrete.

2.2. Parameters influencing carbonation

The carbonation is a slow process. It would take several years for the carbonation front to reach
to the steel bars. The rate of carbonation in concrete depends on several factors relating to

environment and to the concrete itself.

2.2.1. Humidity

Relative humidity is an essential parameter influencing the carbonation rate. To accelerate the
carbonation, it is indispensable the presence of water and CO,. Both concrete which high RH and
concrete with low RH, would hinder the chemical reactions. In case of high RH, CO, penetrates
extremely slowly, even the diffusion rate can reach to value by zero if concrete is saturated. The
diffusion of CO, is four orders of magnitude slower in aqueous than in the air phase [40]. On the other
hand, in the case of low RH, the lack of water lead to inhibited the chemical reaction. The window for

maximum rate of carbonation process is when the relative humidity ranges from 50 to 70% [41-43]

(Figure 8):
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It should be noticed that CO; penetration is faster in dry concrete, as for example under a coating
which protect the concrete from water and not for gas. As a result, a failure in the coating could lead
to water penetration and then a deep carbonation front and high corrosion rate due to high water

content. As a result, the 50-60% range of humidity is not always the worst environment.

2.2.2. CO, concentration

In natural conditions the content of CO; varies from 0.03% in rural environment to more than 0.1%
in urban areas. Locally the concentration of carbon dioxide can reach higher concentration such as
inside a motor vehicle tunnel. It is shown that the carbonation rate increases with the increasing of the
content of CO, [18, 45, 46]. A week of exposure to content of CO2 by 4% indicates a similar penetration
of carbonation of concrete which exposed one year to natural environment of carbon dioxide [47].
Numerous researches show that there is almost no change in the microstructure due to carbonation
for content of CO, up to 4%. Even for 100% CO, under increased pressure, T. K. H. Al-Kadhimi et al
offered the idea that it leads to the same microstructural as natural carbonation [48]. However, there
are several contradictions. Castellote et al. hold the point of view that more than 3% of CO, gives
results that do not represent the natural carbonation [45]. Ghantous indicated that the high carbon
dioxide concentration probably leaded to a high carbonation shrinkage permitting a greater
penetration length than the damaged one [2]. In this study, CO, ingresses from load induced cracks to
reach the Steel Concrete Interface (SCl). Some researchers observed the similar reaction or
phenomenon from the case of lower CO, [49-51]. Low CO, concentration (i.g by value 3-4%) was

recommended to use in accelerated carbonation testing [2, 52, 53] [54, 55].

2.2.3. Temperature

The effect of temperature is still not really clear. In general, an increase in temperature will also
increase the carbonation rate [43, 56]. When the temperature rises, transport properties and ion
diffusion increase due to the thermal — activation according to Arrhenius law and the water
evaporation. Nevertheless, several publications indicated that the solubility of the hydrates reduces
as the increase of temperature, leading to the reduction of kinetics of carbonation in concrete. Both
antagonist phenomena lead to an optimal temperature [57, 58] for carbonation process. In [52],
reaction temperature of 20°C, 40°C, 60°C, 80°C and 100 °C were applied and it was observed that the
CO; content increased with the increase of temperature up to 60°C following a decrease of CO, content
despite the thermal activation. In [53], an increase of the temperature from 20°C to 80 °C, leads to

carbonation depth multiplied by 3.9.

2.2.4. Parameters related to concrete
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Apart from several factors from the environment above, following factors related to concrete also

influence to carbonation rate.
e (Cement type:

Concrete’s capacity to fix CO; is proportional to the alkalinity in its cement paste. In Portland
cement, major of the mass of the original cement is composed of CaO. With blended cement, the ratio
of Ca0 is lower, consequently leading to a lower Ca(OH), content in the hardened cement paste which
can result to an increase of carbonation rate in concrete. Indeed the carbonation rate of blended
cement has been found a factor of 2-4 times higher than for Portland cement [59, 60]. Nevertheless,
in blended cement, penetration of carbon dioxide may be slowed down because of smaller size of

pores in case of blended cement which lead to lower porosity.
e \Water/cement ratio:

The reason is that the permeability of concrete has huge influence on diffusion of carbon dioxide
and thus on the carbonation rate. Some research showed that the higher w/c ratio, the higher the
permeability and porosity [61, 62]. In particularly, a few of authors applied high w/c ratio by 0.9 or 1.0
to enhance the transport properties and the carbonation process in order to research carbonation
induced corrosion [63, 64]. In fact, in high w/c, a large quantity of water evaporates facilitate carbon
dioxide approach the concrete pores. On the other hand, in low w/c (by providing high cement
contents) the cement density decreases the porosity in concrete then slow down the penetration of

CO,.
e  Curing duration:

Curing is an effective method to ensure the maturity as well as minimize the defaults of concrete
including the high porosity which facilitates the penetration of carbon dioxide. After some first hours
casting, concrete may be subjected to desiccation Therefore curing reduces the amount of water which
will be evaporated from concrete after casting. It was indicated that the longer duration of curing, the
higher the compressive strength is which means the porosity decrease resulting a higher carbonation

resistance [65].

The concretes with longer curing before exposing to carbonation gave a lower carbonation depth
than the one with short period of initial curing [65]. With concrete owning low w/c, one of its objects
to slow down the carbonation rate can only be achieved if concrete is well cured. In the case of
concrete with blended cement, if being cured properly, the carbonation depth can be significantly

limited (Figure 9).
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Figure 9 : Influence of curing on the depth of carbonation for different cement pastes of Portland cement and blended
cements with fly ash and ground granulated blast furnace slag [18]

2.3. Corrosion rate in carbonation-induced corrosion

In case of carbonation, due to chemical reactions taking place in concrete structure the pH in the
pore solution can reduce below 9 causing the depassivation of reinforcements. Once reinforcement is
depassivated and if water and oxygen are present, corrosion takes place. On the one hand usually,
carbonation-induced corrosion is considered as uniform corrosion. Corrosion rate in carbonation
induced corrosion is mainly influenced by several parameters related to environment and concrete.
On the other hand, carbonation-induced corrosion could also be considered owning galvanic part. In
the latter case corrosion rate is assumed that it depends mainly on cathode/anode ratio, concrete
resistivity as well as highly depends on steel- concrete interface and pre-existing oxides layer

contributing at the surface of the reinforcement [1, 66].

2.3.1. Parameters from environment influencing the uniform corrosion rate

e Exposure condition (relative humidity and wet/dry cycling):

Angst et al. observed a general increase of corrosion rate with higher the relative humidity in the
environment [41]. It is similar to this picture above (Figure 10) which show corrosion rate in carbonate

concrete as a function of relative humidity.
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Figure 10 : Maximum and minimum values of corrosion rate in carbonated concrete as a function of environmental
humidity [18]

If placing in the same graph it is easy to observe a different relationship of corrosion rate and
carbonation rate with relative humidity (Figure 11).
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Figure 11 : Kinetics of corrosion and carbonation with respect to relative humidity [67]

In the interval of relative humidity about 60% where carbonation rate reaches the maximum
value, the corrosion rate is considered negligible and vice versa. Many researchers agree that water
saturated is the worst aggressive condition for carbonation-induced corrosion when RC structure is
submitted to wetting-drying period of low humidity following high humidity. Indeed corrosion rate
could be two to four times higher in case of high humidity (corrosion rate could be from 0.38-
1.76pA/cm?if relative humidity by 95-100% and from 0.75-7 uA/cm? if sample was partly immersed or
immersed [41]). For the experiments with carbonated sample in this thesis, they will either immersed

in water or suffering wetting-drying cycles.
e Temperature:

In general there is a higher corrosion rate at higher temperature [41]. However, relation between

temperature and corrosion rate in case of carbonation-induced corrosion indicated some dissimilarity.
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In [56] the test was carried out in condition of 15% CO; concentration and temperature by 20°C, 30°C
and 40°C and the author had the same conclusion. Nevertheless in [2] performing the experiments
with 3% CO, concentration and temperature by 20°C and 40°C Ghantous concluded that the same
corrosion rate was found under these two temperatures because the drying phase at 40°C generates
a higher concrete resistivity restricting to the galvanic corrosion process. Temperature is indicated to

play a role only in environments with high relative humidity [68].

2.3.2. Parameters related to characteristics of reinforced concrete influencing the uniform

corrosion rate

e Water to cement ratio:

The increase of w/c reduce the strength of concrete and increase its porosity leads to a high
diffusivity of oxygen and facilitates the penetration of aggressive agents as carbon dioxide [69, 70]. On
the contrary, a general trend is that there is a drop of corrosion rate if w/c decreases. For example a
reduction of 2.5 times was observed when w/c decrease from 0.8 to 0.55 [41]. However, the significant

influence was found at high relative humidity.
e (Cement type:

Majority of researchers agree that the corrosion rate of reinforcement increases for clinker
replaced binders [71-75]. Concrete made with Portland showed the lowest corrosion current density
was confirmed in [68]. The increase of corrosion rate varies to exposure conditions. It gets the most

significant in case of partially or fully immersed conditions (Figure 12).
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Figure 12 : Corrosion rate value with concrete made with different binders in different exposure conditions [41]

e Concrete resistivity:
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Thisis the interest of several researchers. In their research in term of corrosion rate and resistivity,
authors signify a relationship between them. Most of them carried out the measurement form the
point of view that corrosion in carbonation-induced corrosion is uniform type. In uniform form,
corrosion rate is necessary independent from resistivity, but a relationship between resistivity and
corrosion kinetic is generally assumed [76]. According to [77] generally, a decrease in concrete
resistivity leads to a drop of corrosion rate. Nevertheless it is not the case in saturated concrete where
the corrosion is still small despites a low resistivity and under the cathodic control [78, 79]. Also, the
correlation of resistivity and corrosion rate should be linked to other factor such as the cement type,

the cause of corrosion, moisture state, etc...
e Cracks:

Cracking is an unavoidable problem in concrete structure and its influence on corrosion process
is always concerned. In the presence of cracks, it is clear that corrosion commences at the crack tips
which can promote the penetration of carbon dioxide, following the depassivation of steel bar.
Whatever crack widths allow carbon dioxide to expose the steel concrete interface starting the
corrosion and spreading the interface [80, 81]. The time to depassivation decrease in the presence of
cracks and relates to several factors such as micro climate, concrete cover and deposits within the

crack [82].

Regarding the influence of cracks on successive phase of corrosion in carbonation-induced
corrosion, several researches were mentioned to it. In [83] propagation of corrosion may be favored
by pre-cracks. In [19] the authors indicated no link between cracks and propagation phase of corrosion,
but the two-phase model by Tuutti [84] (which includes the initiation and propagation phase) needs
to be completed by a four phase model (which includes incubation, initiation, induction and
propagation phase) in case of cracked concrete. For carbonation-induced corrosion, Tuutti [82]
proposes such a four-phase model indicating that there is repassivation at the crack tip which leads to
a dormant phase of corrosion (or induction phase). Such behavior was also described by Francois [85]
for carbonation-induced corrosion but also for chloride-induced corrosion. As a result, after steel bar
is being depassivated the corrosion reaches high value during initiation following slowing down to a
negligible current because of a blockage at the crack tips induced by corrosion products as being
indicated in [2]. During this dormant phase corrosion rate does not depend of crack opening. Also, it is

independent to the crack orientation and rain duration.
Further study on influence of crack will be mentioned in the following part of the thesis.

2.3.3. Macro cell corrosion rate
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There are a few references in literature concerning the corrosion rate corresponding to the macro
cell corrosion in carbonation-induced corrosion [1, 66, 86]. For parameters related to the environment,
there is no reason that the influence could be different from the case of uniform corrosion. For
parameters related to reinforced concrete, there is a strong influence of the following parameters on

the macro cell corrosion rate:

- Resistivity: because it is a part of the macro cell process. It should be noticed that resistivity is different

in cathodic areas (non-carbonated) than in anodic areas (carbonated).

- Ratio Cathode/Anode: in case of carbonation-induced corrosion, this ratio could be quite limited

(around 1 or 2).

- Cracks: in case of load-induced cracks, there is necessary a high C/A ratio, since the anodic site is

small, which could lead to increase the macro cell corrosion rate.

- Steel — concrete interface is known to play an important role to reinforcement corrosion. This one
was even evaluated more essential to corrosion of steel bar than the surface crack width [2]. The
presence of defects between steel and concrete highly influences the macro cell corrosion current [1].
The macro cell current could be up to 3 times higher in case of existence steel concrete interfacial
default. Corrosion layer appears to be non—uniform at the steel surface and more corrosion products
were also observed in space between the aggregate and the steel bar [87]. Steel bar with the pre-

existing oxides being cleaned results to a higher value in both macro cell and uniform corrosion current.

3. Chloride-induced corrosion of steel bars in concrete

Among the dangerous factors to corrosion in reinforced concrete, chloride is always the most
mentioned parameter [88-91]. Different from the corrosion due to carbonation, corrosion by chloride
contamination takes place if the chloride content closed to the surface of steel bar reaches a given

threshold value or critical chloride content.

The source of chlorides can come from the concrete composition or/ and from the environment

(exogeneous chlorides and endogeneous chlorides).

e Chloride from the environment (exogeneous chlorides): this external source can be marine
environment with different level of contamination or structures where chloride-bearing de-
icing salts were used in wintertime, or industrial environment, or swimming pool .... [92-94]

e Chloride from the concrete composition (endogeneous chlorides): endogenous chlorides could
be in water, additives, admixtures, aggregates and cement. According to EN 206, the limitation
of chloride content in the cement are 0.2-0.4% chloride ions by mass of binder for reinforced

and 0.1-0.2% for pre-stressed concrete. The adding of chlorinated additives, sea water or
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aggregates polluted by chlorides is forbidden now, however, this problem could be

encountered in several structures built in the past.

Chlorides are mainly fixed to the cement matrix by physical absorption on C-S-H but also by

chemical reaction with hydrates.

3.1. Local depassivation of steel

Chloride can induce damages to the passive film of steel bars, leading to localize corrosion. The
failure of the passive film of reinforcement is assume to be managed by 3 mechanisms which could be

concomitant.

e Mechanism of adsorption (chemical and physical): the physical mechanism of adsorption of
chlorides on the surface of the passive film increases the transfer of ferrous and ferric ions
towards the interstitial solution of concrete. According to the chemical mechanism, chloride
dissolved the passive film. The 2 mechanisms can take place individually or interact (Figure 13,
Figure 14).

e Penetration mechanism: Chloride penetrates through the defects of the passive film up to the
metal/ passive film interface. Steel will be in contact with chlorides forming ferrous ion Fe?'.
This latter combine hydroxyl ions OH™ generate ferrous hydroxide Fe(OH), which is not stable
and form Fes;0,4 or Fe,0s. The expanding up to above 6 times of these products can cause
cracking in the passive film (Figure 15).

e Mechanism of failure of the film by electrostriction: the passivation layer can be destroyed
under the influence of electrostriction due to the superficial tension of the oxide layer

triggered by the adsorption of chloride (Figure 16).

D
(aq)

)

"t

Passivation film Solution

)

Figure 13 : Physical adsorption of chlorides at the surface Figure 14 : Chemical adsorption leading to the
of the passivation film [95]

dissolution of the passivation film [95]
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Figure 15 : Diffusion of chlorides through the passivation Figure 16 : Cracking of the passive film induced by the
film [95] formation of oxy-hydroxide [95]

3.2. Mechanism of chloride ingress and binding in concrete

The mechanism of chloride is different from un-cracked concrete to cracked concrete because of

a combination of chloride ingress in concrete porosity and in crack in the latter case.

3.2.1. Chloride transport in un-cracked concrete

The penetration of chloride in un-cracked concrete is managed by 3 mechanisms including

convection, diffusion and permeation [94, 96].

e Convection: the chloride transport is caused by a difference in moisture content. In non-
saturated concrete, water containing chloride ions moves towards zones with lower moisture
content due to surface tension in the capillary pores.

e Diffusion: ionic transport is driven by a concentration difference in various zones. Chloride ions
move from higher concentration zone to the lower zone. This process is most effective when
the concrete is fully saturated.

e Permeation: the movement of chloride ions is under a difference in hydraulic pressure in

various zones.

3.2.2. Chloride binding in concrete

Once chloride has penetrated in concrete, a portion of them is bound physically or chemically by
cement hydration product. The chloride binding in concrete is the interaction between the porous
concrete matrix and chloride ions. This process has influence on corrosion in concrete [97]. Firstly, the
reduction of the free chloride content can reduce the probability of corrosion. Secondly, the removing
of chloride from the diffusion flux can slow down the chloride ingress. Thirdly, this leads to formation

of Friedel’s salt in a less porous structure then affect the transport of chloride ions [98].

The chlorides in concrete can be expressed either the chloride concentration in pore solution (free
chloride) or the total chloride content in the concrete (including free and bound chlorides). In generally

only the chloride ions dissolved in pore solutions is believed to generate corrosion. However, study of

49



CHAPTER I. LITERATURE REVIEW

chemical aspects of binding show that bound chloride may also affect corrosion risk because some of
the bound chlorides may be released at altered conditions (i.e the increase of temperature above 55°C
[99], the drop of pH [90, 100] or by sulfate attack or carbonation of the hardened concrete paste [92]).
It can be seen that theoretically, only free chlorides are considered to initiate corrosion. Therefore,
free chloride is preferably used to express chloride threshold. The free chlorides concentration in the

porosity can be calculated by Equation 2:

FreeCcrit,.p  FreeCcrit, .C,
P

w w

Free[Cl]=

Equation 2

Where:

e P, is the water porosity (%)
e pisthe theoretical density of material (mortar or concrete)
e Cyisthe binder content (kg/m?® of material)

. FreeCcritm , FI’(E(ECCI’itb are the free critical chloride content per weight of material (mortar

or concrete) expressed in %/wt. material and per weight of binder expressed in %/wt. binder
respectively.

Chloride binding depends on many parameters [101] including chloride concentration [102], the

cement composition [103] or supplementary in cementitious materials [104].

3.2.3. Chloride threshold initiating corrosion

This is a fundamental condition to the chloride-induced corrosion in concrete. Once reaching a
critical concentration of chloride, the passive film is locally broken which leads to initiation of
corrosion. This critical chloride content depends on numerous factors. Major of them are the
concentration of hydroxyl ions in the pore solution, the potential of the steel and the presence of voids
at the steel- concrete interface. Other factors that have influence on chloride threshold are also
concerned such as the temperature, the composition of cement, the composition or surface roughness

of the steel reinforcement, or the polarization with anodic and cathodic current.

Commonly chloride threshold is expressed by these following ways [27, 105] (it should be noted

that total chloride content or free chloride content can be found):

e Weight of binder or concrete (aggressive species is total chloride content)

o Weight of binder or concrete or as a concentration of chloride in the interstitial solution
(aggressive species is free chloride)

e [CI']/[OH] ratio (aggressive species is free chloride ion concentration)

e [CI]/[H*] ratio
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The precise value of chloride threshold is still various, ranging up to three orders of magnitude.
Angst et al. in [105] resumed that the total chloride expressed by weight of cement vary from 0.04%
to 8.34% and free chloride ion concentration range from 0.01 to 45 if it is expressed by [CI']/[OH] ratio.
Nygaard and Geiker [106] found chloride threshold (expressed as total chloride content) in the range
from 0.52 to 0.74 /mass of binder. Such interval value is also often found in [100]. The critical threshold
is found by a value of 0.8% /weight of cement with a standard deviation 0.2 % for concrete made with
Portland in [107]. Related to this type of cement a wide range of Ccrit value over years is found. The
variety of chloride threshold value is derived from the physicochemical factors in material, the testing
methodology or inherent stochastic processes in corrosion progress [91]. Among these sources of
variability of Ccrit, applying appropriate technique and focusing on steel concrete interface should be

highly considered.

Recently Chalhoub et al. have developed a new experimental protocol which allows determine
chloride threshold values initiating corrosion and study the corrosion current during the propagation

phase also [108].

3.2.4. Chloride transportation in cracked concrete

Not similar to the ingress on chlorides in un-cracked concrete, chloride transportation in cracked
concrete is the combination of chloride penetration in concrete and in cracks [109]. Chlorides
penetrate along cracks in two phases. In the first phase, convection is the major mechanism. Chlorides
ingress is under capillary suction or water convection. In the second phase, the penetration is governed
by diffusion in cracks and under concentration gradient. There are numerous characteristics of cracks
that influence chloride penetration. Crack density, crack orientation, crack depth, crack width and self-

healing of cracks will be mentioned in detail in section 4.

3.3. Corrosion rate

Corrosion induced by chloride in concrete is localized (or galvanic or macro cell) corrosion. The
passive film on the surface of steel bar is destroyed locally acting as anode which is spatially separated
to cathode. The corrosion level corresponding to corrosion rate and penetration rate is traditionally

ranged in this Table 2 below resulting from the work of the RILEM TC 154 EMC committee:
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lcorr(LA/CM?) Veorr(mm/y) Corrosion level
<01 <0.001 Negligible
0.1-0.5 0.001-0.005 Low
0.5-1 0.005-0.01 Moderate
>1 >0.01 High

Table 2: Range of corrosion level according to corrosion rate and speed of penetration[110]

Nevertheless, the actual corrosion rate in chloride-induced corrosion appears in reality to be
higher than the value report in Chalhoub et al. [111] measure corrosion current density in the order of
50-200 pA/cm? before the appearance of the corrosion-induced cracks. As reported by Frangois [112]
it is necessary to review completely the method to evaluate corrosion current densities which need to

evaluate the real size of anodic site.

The observation of localized corrosion induced by chloride in concrete indicated a more
remarkable corrosion progress on the length of the rebar than in depth [112]. There are several
influenced factors on corrosion current related to material, environment and geometry. Some of them

may interact and result influence together to corrosion rate.

3.3.1. Factors related to material

e Electrical resistivity:

This parameter expresses its ability to withstand the transfer of charge and is one of major
influential factors for corrosion kinetics in reinforced concrete. In presence of chloride, the electrical
resistance of concrete decreases as chloride ions increase which lead to increase the corrosion density.
However it will not be valid in the case of totally immersed structure where the corrosion rate is small
despite a low resistance [77, 113] because in this case corrosion rate is under cathodic control.
Electrical resistivity of concrete depends on several factors related to material (such as water binder

ratio, cement type...), environment condition (such as chloride content, humidity, temperature...)
e Binder type:

It is clear besides Portland cement (PC), different cements with supplementary cementitious
materials (SCM) such as Blast Furnace Slag (BFS), Fly Ash (FS), Silica Fume (SF) is more and more
applied. These types of cement were indicated to impact on corrosion kinetics. SCMs modify both pore
solution chemistry and environment surrounding the steel which can lead to reduce the corrosion rate

[114, 115]. In the same research, the author ranked the corrosion rate in ascending order according to
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SCMs application as SH (75% BFS) < TR (50% PC+43% BFS+7% SF) < SM(50% BFS) < 30% FA < SL (25%
BFS) < 7% SF < PC and SM < FA < SF < PC with samples owning cover depth by 4cm and 2cm respectively
as well as crack width of 0.2mm and 0.7mm for each of the binder types. Blended cement is observed
better against to chloride induced corrosion than PCin [116] due to an increase in resistivity in blended
cement which comes from interaction in pore structure. Ranking between corrosion rate and various
substitute level of SCMs as follows PC > 5% SF > 20% FA > 40% FA > 40% BFS > 60% BFS > 60% FA > 80%
BFS > 10% SF was assessed in [117]. Generally in a given set conditions in terms of humidity,
temperature and provided corrosion has initiated, the higher resistivity of blended cements bring a
lower corrosion in comparison to Portland cement, yet it is not totally with the case by Arya and Xu in
[118]. Implement the measurement with samples in different cement type under different chloride
content, the rank of corrosion density is FA >SF >S > PC for 1% addition of chloride but is FA>PC>S>
SF for 3% addition of this chemical element. In a different research [119] the authors studied on
Portland limestone cement partially replaced with 5%, 10%, 15% and 20% of metakaolin and they
found a reduction of corrosion rate with the higher addition of metakaolin. In addition several
researches on the relation of application geopolymer concrete (GPC) and its impaction on corrosion
also proposed a similar conclusion that geopolymer can hinder effectively corrosion in reinforced steel
[120-123] rather than OPC concrete because GPC was exhibited higher resistance to chloride ingress

and steel corrosion than the other.
e Cover thickness:

The influence of cover depth of concrete on corrosion rate is obvious while putting together with
other parameters for example binder type, crack width and concrete quality. Thicker cover of concrete
can reduce the diffusion rate of oxygen remarkably. In the case the concrete is not water-saturated it
was observed that cover depth generated no influence to corrosion rate by Raupach in [124]. Related
to the effect of cover depth to corrosion rate under binder type, Scott and Alexander studied various
binder type with 2 value of cover by 20 and 40mm [114]. The result is that an increase of cover depth
performed a reduction of corrosion rate by more than half was measured with PC sample but it is not
the case with SCMs samples. Model proposed by Otieno et al. [125] suggests that the worst scenario
for the highest effect on corrosion rate is when a low cover depth links to a high crack width. The
collaboration of concrete cover and crack thickness influenced remarkable on corrosion is confirmed

in [126]. An appropriately selected cover depth plays an important role in protect steel from corrosion.

3.3.2. Factors related to environment

e Chloride content:
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Chloride concentration has a significant influence on the corrosion rate. Even, it is was evaluated
the strongest effect on corrosion rate than other factors followed by cement type, steel type and water
concrete ratio [116]. Higher corrosion current was measured under a development of chloride content
[113, 118, 127, 128]. The reason is that conductivity of concrete increases with the increments of
chloride content and also there is combination between chloride ions and ferrous ions to form a water-
soluble product that can ameliorate corrosion progress. The electrochemical properties of steel at
anodic sites are influenced by chloride concentration modifying the iron anodic Tafel coefficient and,

subsequently, the kinetics of corrosion [129].
e Temperature:

Commonly it is confirmed in several research that the corrosion current of reinforcement increases
with a rise of temperature. The trend can be seen clearly if the other factors are held unchanged. The
fact is that temperature varies can lead other parameter which can influence to corrosion rate alter
also. According to [130] the influence of temperature should be considered with moisture availability.
In the study of Otsuki [131] the author investigated specimens with temperature by 20°C, 30°C, 40°C
and relative humidity of 60% and found that the rate of diffusion of CI, O, and macro cell corrosion
increased as the temperature was increased. Sample by Michel et al in [132] were subjected to
different temperature by 1°C, 15°C, 25°C, 35°C and 50°C expressed considerable higher value of
corrosion rate at above 85% RH than at 75% RH. The result was explained thank to Arrhenius equation
with a moisture dependent activation energy about 10kJ/mol by RH 75% and 3-4 times higher at above
RH 85%. In the research [133], the author investigated with wide range of temperature (10, 20, 30, 40
and 50°C) ,relative humidity from 55% to 95%. The conclusion was that corrosion rate increase when
temperature increases under both resistance and cathodic reaction control due to a drop of resistivity

of concrete under higher temperature.
e Relative humidity:

This parameter is usually studied together with other influenced factors to corrosion density like
temperature, chloride concentration electrical resistivity or binder type ... in order to evaluate the
impact on corrosion rate. In [134] no clear relation between relative humidity and corrosion rate was
found due to their interaction with each other or the complex dependency of these two factors could
best be related to changes of electrical resistivity of concrete as in [135]. In case of concrete with
chloride contaminated corrosion rate increases with both humidity and temperature. Therefore, it is
not reasonable to consider these two parameters separately. Correlation of humidity and chloride was
presented by author in [136]. Corrosion current is moisture dependent with a maximum in the interval

91-97% depending on chloride content. At higher concentration the maximum rate is at the lower end
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of the interval whereas the maximum value is at the higher end of the interval in the case lower

chloride content.

3.3.3. Factors related to geometry

e (Cathode - anode ratio:

An increase of corrosion rate can correspond to higher value of cathode anode ratio was found in
several research and once again was confirmed in another recent study [137]. In [138] a change by 3
to 4 times of cathode/anode ratio results only a growth about 30% of corrosion current due to the
effect of the spreading resistance surrounding anodic sites. Additionally, the cathode/anode ratio and
corrosion current were found strongly related to resistivity of concrete especially at very high
resistivity, where the current density showed a remarkable decrease. Or in the research [139] a similar
correlation between cathode/anode area ratio up to 190 and galvanic corrosion was observed yet the
rate of increase decreased as the cathode anode ratio increased. Chalhoub et al. also investigated the
relationship of corrosion current with cathode/anode ratio in [27] where the authors applied a large
range of cathode anode ratio up to 2950 and found the equal result. There is a limitation of mobilized

cathodic surface above which the impact of cathode becomes negligible.
e Cathode - anode distance:

In term of geometric parameters and corrosion rate in concrete, cathode anode distance is
considered one of the most influenced factors. Generally the corrosion current decrease if the distance
between cathode and anode increase [139]. The authors effectuated the test with a 4m long beam and
also found a significant current contributed to the most distant cathode. The throwing power of the
anode was indicated exceeding a distance of one meter which is similar to the observation in [140].
Additionally, the throwing power of anode is under the quality of concrete or in the other word is the
resistivity of concrete. With an increasing distance of cathode by 70cm with the specimens owning
1.5m in length and a anode in the middle as description in [141], a fall by 3 times of current density
was measured with the furthest cathode. Chalhoub et al. [29] studied the effect of cathode anode
distance by using a 10 m long reinforced beam and found the macro cell corrosion current can be
provided by cathode at large distance from the anode and closer cathode receive more current. Also,

was found the influence of resistivity on the repartition of macro cell current.

4. Influence of crack on the corrosion of steel in concrete

The presence of cracks in reinforced concrete is unavoidable due to an exceeding of its tensile
capacity induced by structural loads, a volume change of concrete (shrinkage or temperature change

...) or expansive pressure inside the concrete (such as from chemical attack or freezing damage ...).
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Among related causes generated crack above, except load-induced crack, the rest can be mitigated

using a proper mixture design, placement, compacting, finishing and curing technique.

Once appearance of crack, it generates significant effects to the de-passivation of steel bars by
providing favorable conditions exposure for aggressive factors (chloride and carbon dioxide) to
reinforcement and influence corrosion process. The penetration of these factors is under several crack
properties such as crack width, crack depth, crack frequency, crack orientation and capacity of seal-
healing in location of crack. Both several influenced characteristics of cracks and effect of crack to

corrosion process will be discussed.

4.1. Effect of several crack characteristics on penetration of aggressive specimens
4.1.1. Crack width

The role of crack width is that to provide such a favorable condition for the diffusion of chloride as

well as penetration of carbon dioxide in concrete specimens exposed to chloride or carbonation.

In the case chloride induced corrosion, chlorides are described to penetrate both across sound

T T T Flow direction

concrete and along crack path as in Figure 17.

Pk
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\/ \
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Uncracked T T T
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Figure 17 : two phase parallel model for diffusion in cracked concrete [142]

In the same research, the author proposed an equation to determine the equivalent diffusion
coefficient of cracked concrete which indicated a proportional of diffusion coefficient and crack width.
That chloride penetration increases with an increase of crack width was supported by several
researchers. By investigating the samples with varying crack width from 0.1-0.4mm, it was observed a
diffusion coefficient increase from 24 times to 145 times in comparison to un-cracked concrete in
[143]. However, it was also indicated a critical crack width below which no significant chloride diffusion
takes places, reduces or even no occurs. As an observation by Ismail et al. in [144] no chloride diffusion
occurring perpendicularly to the crack path, below the crack width of 0.03mm was reported.

Additionally some studies proposed that there is no correlation between crack width and chloride

56



CHAPTER I. LITERATURE REVIEW

diffusion in reinforced concrete such as [145] with crack width up to 0.5 mm and [146] width crack
width in the range 0.2-0.3 mm. In general, impact of crack width on chloride ingress has been received
conflicting results which were resumed in a recent study [147]. In a recent study Hess[3] show that
whatever the crack width (measured using X-Ray Tomography), in the range 20-100 um, chloride can

penetrate quickly in cracks to induce corrosion.

In the case of carbonation-induced corrosion, the fact that the carbonation depths increase with
the increase in crack width is also indicated in many studies based on varying widths. Author in [148]
investigated carbonated concrete samples made with different types of cement including OPC, PFA
and GGBS and found that the crack width increase the depth of carbonation for all concrete samples.
L. E. Sullivan-Green in [149] confirmed that the relationship between crack width and carbonation
penetration is linear. Some other authors built modeling to forecast the depth of carbonation
considering crack width. Kwon and Na in [150] suggested an equation exhibited relation of carbonation
depth with crack with a ranging from 0.1 and 0.2 mm in cracked concrete. The proposed model by A.
S. Al-Ameeri et al. in [151] with a range of crack widths from 0 and 0.35mm expressed the influence of
crack width and also considered the impact of externally affected factors such as temperature and
relative humidity. On the contrary Alahmad et al. [80] shows that there is no threshold limit in crack
opening for carbonation: whatever the crack width, crack path is fully carbonated and CO; reached the

reinforcement to induce corrosion.

4.1.2. Crack depth

Crack depth is also a critical parameter which impacts the chloride ions penetration depth in
concrete. In [146] the authors studied specimens with different crack depth of 5, 10, 15, 20 mm. It was
found that as crack depth increases the chloride penetration increase and the longer duration the test,
the more pronounced the effect is. Another study by Stitmannaithum et al. [152] on effect of crack
depth to chloride penetration with different water cement ratios confirmed the trend of increasing the
chloride ions diffusion when crack depth increase and also observed the independence of the tendency

with W/C.

4.1.3. Crack frequency

Crack frequency or crack density is the number of cracks per specific length. The general tendency
is that chloride penetration increases with the growth of crack frequency. It can be understood

because more quantity of crack will supply more pathways for chloride ions to concrete matrix.

In a study, Konin et al. [153] evaluated the effect of parameters on chloride ingress in concrete. It
was observed that an increase in micro-cracking density in concrete, lead to higher chloride ions

penetration. The same trend was also found in [154] where the author applied freeze/thaw cycles to
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create cracks and a steady-state flow to measure the chloride diffusion. The result was that the
chloride migration rate increased by 2.5 times after 31 cycles, 4.3 times after 61 cycles and 7.9 times
after 95 cycles where generated crack density was measured by 0.46, 0.61 and 0.77 per millimeter
respectively compared to the initial specimens. In [155], it was found that the water and acid soluble
chlorides concentration increase with increasing crack density of concrete under a non-steady state

diffusion and this correlation can be described as a linear function.

4.1.4. Self-healing

Self-healing is the capacity of concrete to heal its crack itself under proper conditions. Self-healing
of cracks is observed to be able to reduce the permeability of cracked concrete, the chloride ingress or

water transport.

The precipitation of calcium carbonate crystal CaCOs; from reaction of free calcium hydroxide and
calcium oxide in cement matrix with atmospheric CO; or the presence of ettringite and brucite in sea
water can promote the mechanisms self- healing in the case of small crack width (i.e < 0.5mm as
investigated in [156], < 0.1mm in the case high performance concrete as observed in [157] or up to
approximately 0.2mm in the case of fiber reinforced cementitious composites (FRCC) as studied in

[158]).

Reinhardt and Jooss found a huge reduction of water flow rate due to the self-healing of the crack
in [157] after 300h of flow test at three dimensions width of crack by 0.05, 0.1 and 0.15mm in
specimens tested. Nishiwaki et al. in [158] investigated and reported the evaluation of recovery of the
water tightness regarding some types of fiber and highlighted the dependence self-healing on crack

width.

Jacobsen et al in their research [154] reported both a decrease of chloride mitigation rate by 28-
35% in the self-healed concretes and an increase of penetration time compared to newly cracked

concrete.
4.2. Effect of crack on the corrosion process

4.2.1. Corrosion process in cracked concrete

Crack was shown to accelerate chloride penetration [159-164] as well as carbonation [80, 164]. It
is clear that corrosion begins at the location of crack tips especially on those sites where crack is closer

to rebar [19, 165].

Crack concrete was investigated to reduce time of corrosion initiation in comparison to un-cracked
concrete. Possible effects of crack on the service life of reinforced concrete can be described in

followed Figure 18 and Figure 19 based on a classical model by Tuutti [84].
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Figure 18 : Schematic sketch of steel corrosion sequence Figure 19 : Possible effect of crack on service life of RC (the
in concrete dashed line corresponds to cracked concrete and the solid

line corresponds to un-cracked concrete) [166]

According to the model, corrosion process consists of two phases (initiation phase and propagation
phase). The initiation phase is a period time for penetration of aggressive factors e.g CO; or ClI to the
concrete cover but reinforcing steel is still passive. The second phase begins once de-passivation occurs
until an acceptable maximum damage. However, this is not suitable for cracked concrete. Here was
proposed a four phase model by Francois et al [167] in which corrosion process is divided into four
phases including incubation, initiation, induction and propagation phase (Figure 20). It should be
noticed that the four-phase model proposed by Francois et al. corresponds to all scenario of corrosion
(carbonation or chlorides), on the contrary Tuutti propose such a four-phase model only for

carbonation-induced corrosion.

w—cracked structures

propagation

time

e - -

e e e ——--

Figure 20 : Description of four phase corrosion process [167]

e Incubation phase:
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During this phase (ti) the aggressive agents can easily access in concrete through crack path
resulting damage to passive film on the steel bar around the crack whatever its width. t;is short (could

be a few days) and negligible with respect to the cycle life of RC structures.
e |nitiation phase:

This phase starts from t; to tic at which corrosion products are formed then could heal the crack
path and slow down the increase of corrosion. Others healing processes could be involved, such as
self-healing of formation of deposits such as calcium carbonate. Duration of this phase is also short

and may be overlooked in term of service life.
e Induction phase:

This phase is following the initiation phase. During the induction phase the corrosion development
is slow down low due to corrosion rust filling the crack or others healing processes. The duration is
linked to the time for aggressive species to penetrate through the concrete cover to reach the
reinforcement and then depends on the exposure conditions. In this phase, the corrosion products do

not generate corrosion induced cracking, because the pre-cracking acts as an expansion tank.
e Propagation phase:

The propagation phase starts at t, when the carbonation front encounters reinforcement or critical
chloride threshold is reached in un-cracked zone. After a given time, first corrosion-induced cracks are
formed at t. and corresponds a local corrosion rate C.. The corrosion process develops to reach service
limit criteria of structure, corresponds to time tsis and corrosion Csis. The end of service life is

associated with a time t yis and corrosion Cygs is reached.

In fact, the two-phase model is still often referenced. However, it is clear that the four-phase model
can introduce more complete information to corrosion process in the case of cracked concrete. From
perspective of four-phase model, the initiation of the two-phase model corresponds to the first three

phases of the former.

4.2.2. Corrosion initiation in cracked concrete

When studying corrosion initiation in cracked concrete, one important difficulty is the duration of
the experiments. Indeed, based on the 4-phases model of Francois et al. [167], the real initiation period
should correspond to 3-phases: incubation-initiation-induction. If the duration of the experiment is
too short, then the conclusions concerning the initiation of corrosion could be related to only
incubation, or to incubation following by initiation, but probably never to incubation-initiation-

induction which could be only studied in long term experiments.
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Nevertheless, because there is a lack of use of the four-phase model in the literature, the initiation
process will be described in the following based on the two-phase model, which means that initiation

is the phase which begins after incubation (referred as propagation in Tuutti model).

The corrosion initiation process is known to depend on the penetration of chloride or carbon
dioxide along the crack path. This relationship is under numerous of studies and most of them hold the
point of view that cracking of concrete leads to a potentially faster penetration of these harmful
substances therefore accelerating the corrosion initiation. This is obviously reasonable because cracks
provide pathways for the ingress resulting a speeding up to damage of passive film on steel bar by

chloride penetration or carbonation.

De Schutter in [168] indicated that the main factors are the crack width and the crack depth and
the influence is significantly higher for chloride than carbon dioxide penetration. In his research was
exhibited a tentative formula to quantify these effects. Wider surface crack widths could result to much
faster initiation (incubation in case of four-phase model) than relative smaller ones was mentioned in
[163]. However, the author suggested that it is more appropriate to consider crack width and concrete
cover ratio as a suitable parameter. The similar influence of crack and corrosion initiation was
introduced in [169, 170] yet the difference is no existence of correlation between crack width and
corrosion. The perspective to support the correlation between crack and corrosion initiation can also
be found in lots of other research [169, 171-175]. According to Jaffer et al. in [172],it was observed
that corrosion occurred only at intersections of reinforcement with cracks in the concrete and there
was no corrosion in any location of the steel that was not adjacent to a crack. Both chloride and
carbonation induced corrosion commence and develop for a few millimeters surrounding the
reinforcements (corresponding to damage zone induce at the creation of load-induced crack [176])

and at its intersection with the pre-existing crack.

4.2.3. Corrosion propagation in cracked concrete

The impact of cracks to corrosion initiation has received a general consensus from the scientific
community while the influence of this factor to corrosion propagation is still in debate. As mentioned
previously, the effect of cracks on corrosion needs to be studied according to a 4-phases model and
not according to the usual 2-phases model suitable for un-cracked concrete. The influence of crack on
reinforcement corrosion could be a function of several crack characters which will be discussed in the

following.

e Effect of crack width
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The influence of this parameter and corrosion propagation has been received numerous attentions

of researchers and it exhibits different points of view also.

On the one hand, crack width is considered to accelerate the propagation corrosion process. This
perspective can be found in such studies as [160, 177-179]. Sahmaran and Yaman [177] concluded that
as the crack width increased, corrosion rate increased. In the research, the authors observed the
impactions on both initiation and propagation with a growth of chloride diffusion and higher mass loss
of reinforcements in the case higher crack width. The remarkable effective impact is reported when
crack width value is more than 0.135mm. Otieno et al. [160, 178] supported the influence of crack
width to corrosion propagation. It must be noticed that such results are based on so-call “accelerated
corrosion” by anodic impressed current, which do not correspond to the real process of localized
corrosion of steel in concrete where both anodic and cathodic sites are present on a same rebar.
Concrete samples with different binder, different water binder ratio, different crack width (0.4mm,
0.7mm and incipient cracks) and two concrete cover (20 and 40mm) were applied in the experiments.
A proportional corrosion rate to the increase of crack width for a given binder type and water cement
ratio was presented. Le et al. show an increasing of corrosion rate with variety cracks applied in the

study [179] in the order of un-cracked < 0.2 mm < 0.3 mm < 0.4 mm < 0.5 mm.

On the other hand, many research reported little effect [180] or no effect on corrosion rate in
propagation phase [81, 171, 175, 181-184]. Mohammed et al. in their study [184] performed the
experiment in 13 weeks. After 4 week of exposure NaCl 3.5% solution no relationship between crack
width and corrosion rate was observed in cracked samples. The presence of crack should be considered
rather than the role of crack width. Series long-term studies by Francois et al. [181-183] indicated that
crack widths generate no influence on the development of reinforcement corrosion. The 3m concrete
beams were exposed to salt fog and under sustained loading. In the case of 12 years old beam [181,
182] it was found that long term corrosion is independent of the widths of cracks ( for widths less than
0.5 mm) or by the cracks themselves. In the case of 1 year old beam [183] the similar result that there

was no correlation between corrosion propagation and crack width was also mentioned.

It can be seen that all the studies above are related to chloride induce corrosion. Few of the scarce
studies mentioned the influence of crack on corrosion propagation phase are by Dang et al. in [81, 83]
or Ghantous et al. in [2] . However, no correlation of crack width and corrosion propagation was found.
In study by Ghantous it was observed an induction period less than 180 days whatever the crack widths

(Figure 21).
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Exposure conditions: vertical crack (30 min rain, 20°C)
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Figure 21. Loss of mass in specimens having different crack opening [2]

e Effect of crack frequency

The correlation of crack frequency or crack density and corrosion rate received some different

points of view.

According to Arya et al in [118] the smaller the crack density the smaller the weight loss of
reinforcement. The authors proposed a hypothesis that it might be more effective to impede corrosion
by limiting the crack density rather than by controlling surface crack width. The study utilized beams
containing 0, 1, 4, 8, 12, 16, and 20 parallel sided cracks with the same sum total width of 2.4mm. All
the samples had the same trend result except beams with 20 cracks which can be explained by crack

self-healing.

In another study [185], Blagojevic investigated concrete beams with different concrete cover by
20, 30 and 40mm and crack quantity of active crack by 9, 8 and 6 respectively. Each beam had total
crack width of 0.15mm. The author indicated that corrosion rate reduced as crack density decreased

and concrete cover increased.

On the contrary, in Schiepl and Raupach in [186] it was observed a decrease of corrosion rate when
crack frequency increased. In the case that frequency reduce a half, the corrosion rate doubled. It was
suggested that increase crack frequency resulted cathode area decrease, then the corrosion rate

reduced.
e Effect of crack orientation

In term of the orientation with respect to reinforcement, crack in concrete is classified as

longitudinal (or coincident) for cracks which are parallel to main steel bar and transverse (or
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intersecting) for cracks which are perpendicular to the reinforcement. The transverse crack type is
common in concrete, however, for corrosion longitudinal crack type is considered to have more
significant impact on corrosion rate because it provides reinforcement more favorable exposure
to aggressive factors [187]. In a study [188], Poursaee and Hansson carried out the measurement
in concrete prism in presence of longitudinal and transverse cracks and they found a higher
corrosion current density with the first type of crack than the second type of the same crack width

by 0.1mm.
e Effect of crack self-healing

The observation of this phenomenon and its positive influence on corrosion rate can be found in
numerous researches [166]. Crack self-healing is considered to lead the corrosion reduce even reach a
negligible level. Besides crack width, type of loading (e.g. static vs. dynamic), binder type or exposure

conditions may affect self-healing.

Mohammed et al. [156] carried out a study with 15 years old concrete beams made with different
binder type and exposed to marine environment. Self-healing was supposed to occur irrespective of
the cement types in crack width < 0.5mm at which also exhibited tendency of lower current density
(0.1-0.5 pA/cm?). More corrosion was measured at location of healed crack size of 0.5mm than crack

size £0.4mm which was expected that self-healing had assisted to reduce or stop corrosion process.

Evidence of influence of self-healing on corrosion rate was presented in a study by Otieno et al.
[160]. There was a period of time in the experiment with incipient and 0.4mm cracked samples that
corrosion rate reduced was observed in the research. This was expected to relate to crack self- healing

which is considered to occur in widths less than 0.4mm.

5. Effect of top bar effect on the corrosion of steel in concrete

The steel-concrete interface (SCI) is known to significantly influence corrosion of reinforced
concrete exposed to chloride and carbon dioxide. Due to improper stability of fresh concrete, some
defects can be formed when casting and compacting of concrete. In reinforcement structure with multi
steel layers, upper bars (according to casting direction) exhibit more defects than the others. In this
case SCI defects are linked to a phenomenon which is well-known: “top-bar effect”. The main SCI
defects include the presence of air bubbles or entrained air, voids beneath the steel bar due to the
phenomenon of settlement and bleeding of fresh concrete and mechanical de-bonding of the SCI

which can be seen in Figure 22.
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Figure 22 : Schematic illustration of selected characteristics at the steel-concrete interface [189]

5.1. Main characteristics of steel concrete interface related to top-bar effect

Steel concrete interface consist of steel part and concrete part. The former includes mill scale, pre-
existing rust layer and passive film on the steel surface while the latter includes cement hydration
products, air void, crack, water bleed zone and separation... Due to the top-bar effect some SCI defects
are generated at the bottom interface of steel concrete. Top-casting defects can be divided into air
voids and bleed water voids/zone (Figure 23 and Figure 24).
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Figure 23 : Air voids at the SCI [189] Figure 24 : Bleed water zone at the SCI [189]

e Airvoids at the SCI: (Figure 23)
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Air voids are generated during concrete compaction and air bubbles can adhered to the surface of
bars or can be trapped beneath the horizontal surface of rebar. Air voids initially are not filled by water.
These bubbles can have different sizes and shapes which result into two classifications: entrained voids

or entrapped voids.

Entrained voids are small bubbles (typical diameter of 50um) and have normally a near spherical
shape. Only a minor part of these spherical voids is in contact with the steel surface and only a very
small portion of these air voids can be observed at SCI after steel bar is extracted. Entrapped voids
have diameter more than 1mm and irregular shape depended on the contour of surrounding

environment.
e Bleed water zone and voids at the SCI: (Figure 24)

Segregation, settlement, and bleeding of fresh concrete can form this type of voids. In the study
by Mohammed et al [190] the presence of these voids was only found in the bottom part of horizontal
bar. These defects were observed increasing with the depth of concrete under the steel. When the
height is more than 15cm they can appear at the bottom side of the steel bar [191]. However this
phenomenon exists for all the bars even those positioned above a shallow height of concrete, but the
defect is microscopic in this case [19] : i.e. invisible [3]. Nevertheless, according to the concrete

composition, quite significant gap such as 100-200 um wide as reported in [189].

Settlement may cause empty voids at the underside of reinforcement steel in concrete, but a thin
layer of paste may adhere onto the rebar surface. Bleed water zone may be mistaken with air voids.
Nevertheless, bleed water voids have a more elongated nature or crescent shape and are thereby able
to achieve a greater loss of contact area with the rebar surface compared with air voids. Additionally,

bleed water voids initially are water filled and can be subjected to wetting-drying.

In terms of defects due to bleeding and settlement of fresh concrete, Séylev and Francois [191]
divide them into macro defects and micro defects. Both have the similar origin but macro defects can

be easily identified using video-microscopy but micro defects exhibit no identified visual inspection.

5.2. Influence of steel concrete interface on initiation corrosion

Numerous researches about relation of SCI and corrosion process hold the view that it is a key
parameter to corrosion initiation. Characteristics of SCI are considered to have strong influence on
initiation of chloride-induced corrosion, even more than several well-known parameters such as w/b
ratio and cement type [192] and those have been suggested to be focused in research community [91].
Defects at steel concrete interface facilitate the ingress of aggressive factors along the re-bars resulted

accelerate corrosion process.
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The influence of top-bar defects on corrosion initiation will be discussed with the role of air voids

and the role of bleeding zone.
e Aijrvoids:

The presence of air voids was found to strongly affect the critical chloride threshold [193, 194]. A
decrease in air voids content at SCI corresponds to an increase of critical chloride threshold then a

decrease of the risk the corrosion initiation of reinforcement (Figure 25, Figure 26).
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Figure 25: Effect of cement binders on chloride threshold level [194]  Figure 26: Chloride threshold level as a function of

air void content [193]

According to [194-197] corrosion initiation is considered to occur mainly at the location of air voids
while no correlation was found as in [198, 199]. The role of air voids probably is influenced by other

conditions such as the moisture of the concrete.
e  Bleeding zone:

The size of settlement and bleeding zones increase with the height of concrete under the
reinforcements: these defects are always located at the bottom side of steel bar rather than at the top
side. An example of top casting defects can be seen in [200] where Séylev and Frangois discussed the
SCl defect with the height of concrete section (Figure 27). The influence of defects on corrosion process
was indicated in [191] by the same authors. It was observed that macro defects have a direct effect on

corrosion while micro defects have no significant effect on corrosion.

The gap/voids was observed on the surface of the lower side of steel bar in [201]. In seawater
environment, the author found that those defects are the locations of immediately corrosion after

casting concrete with seawater.
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h=10cm h=100cm h=190 cm

Figure 27: Three sections at 10, 100 and 190 cm of height, respectively, at video-microscope with an enlargement of
X25 magnification [200]
Castel et al. in [202] highlighted the role of steel concrete quality to predict the corrosion initiation.
As the reported result, even when all the chloride content at steel bar exceeded the maximum usual
threshold for corrosion initiation, the corrosion mainly took place on steel bar with top-bar effect
defects. Chloride threshold is necessary to corrosion initiation but not sufficient parameter to forecast

corrosion onset.

Vidal et al. in [203] carried out the experiments with 17 years old reinforced concrete beam and
found the same conclusions: the presence of voids (de-bonding) at the interface can be a determinant

factor to assist corrosion initiation as well as reduce the initiation period corrosion process.

Steel concrete defects seems remarkably reduce the chloride threshold in concrete. In a study
[204], Zhang et al. compared chloride content for corrosion onset with steel in the presence of top
casting defects and without defects in a 110cm wall in height composing 10 horizontal steel placed
along the height. Interfacial defects due to bleeding and settlement was found increase against the

height of wall (Figure 28).
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Figure 28: Width of the interfacial defects plotted against height of rebar in the high concrete members [204]

The chloride content was measured from 0.5-0.8% of cement mass for rebar with defects while
the value was 0.8-0.9% for specimens without defects. Similarity, Zhang et al. in [205] found that

corrosion mainly initiated at the bottom side of the rebar despite a higher chloride profile at the top
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side. This may be explained by the lack of the buffering capacity formed by cement hydration or no

protection by concrete cover due to top casting defects.

Related to carbonation-induced corrosion, the influence of top-bar effect was observed by
Ghantous in [2] .The author used specimens cut from a slab concrete with 15cm in height, 55 cm in

length and two reinforcements layers which can highlighted the effect of casting direction (Figure 29).
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Figure 29: Schematic representation of the steel/concrete interfaces localization subjected to the phenolphthalein test

(concrete slab) [2]

Carbon dioxide was found spreading along the entire length of the lower side of the upper steel
bar while remaining limited on the upper side of the lower steel bar. Defects due to top-bar effect
occurring on the bottom part of the upper bar are considered to facilitate the carbon dioxide
penetration even with the presence of a thinner crack than on the bottom steel bar. In [53], Timhadjelt
showed a similar observation with a great longer carbonation length appearing on the top steel than
on the bottom steel (Figure 30). Additionally, a higher corrosion was measured on the top steel bar

rather than bottom steel bar despite the unfavorable ratio C/A.

« Bottom bar »

« Top bar »
Longueur carbonatée = anode = 8,5 cm Longueur carbonatée = anode = 3,5 cm

Figure 30: Schematic representation of the steel/concrete interfaces localization subjected to the phenolphthalein test [53]

5.3. Influence of steel concrete interface on propagation corrosion
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If the perspective that gaps in SCI due to top-bar effect facilitates corrosion initiation receive
consensus as well as attention from a lot of researchers the concern on corrosion propagation are still

limited.

Majority of the researches mentioned this issue with respect of chloride-induced corrosion. In
[182], Francois and Arliguie observed the development of corrosion occurring at steel concrete
interface of poor quality due to bleeding. Four reinforced concrete 3-meter-long beams divided into
group A and B suffered salt environment for 12 years were investigated in term of measurement the
growth of corrosion-induced cracks due to the increase in the volume of rust product. Prior to loading,
pre-cracks were only recorded on the upper surface of beam in group B, which group had lower
concrete cover, due to bleeding of concrete. As observed over time, it was seen that corrosion-induced
cracks mainly appeared and increased at the zone of top-casting reinforcement. These pictures below
(Figure 31, Figure 32, Figure 33 and Figure 34) described and compare the development of crack of

one beam in each group. It is clear that top-bar effect can accelerate the propagation corrosion.
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Figure 33: Cracking map after 11 years (B1) [182] Figure 34: Cracking map after 11 years (A2) [182]
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In [202, 203] the SCI quality and corrosion in 14 years old and 17 years old beams with the similar
exposure to salt environment were investigated. Corrosion was always found rather on the bottom
side of steel bar with regard to casting direction and the horizontal upper bar of stirrups. The bleeding
of concrete played an important role to generate interface de-bonding resulting to an early corrosion

propagation of the reinforcements.

In [169, 206], relation of steel concrete interface damage caused by top casting effect and
corrosion process in reinforcement concrete under sustained loading was studied. Casting induced
damage causes a lower interface quality which results in different corrosion state to reinforcement
despite the same cover thickness. Steel bars which exhibits SCI defects due to top-bar effect can be in
active corrosion state while the others which are not affected by defects, can be in passive state as
observing by Yu et al. in [169]. The statement that top-bar effect has significant influence on corrosion

development is again confirmed in [206].

In [205], Zhang et al. reported a comparison about propagation corrosion in reinforced concrete
beam in presence of top-bar effect defects and without top-bar effect defects. The important role of
SCI defects to corrosion process is then highlighted. The results, in the case with no presence of SCI
defects, showed a weak level of corrosion and show that corrosion start on steel bar at the closer
exposure side to chloride. While in the case of SCI defects, corrosion was likely to commence from the
bottom side of upper steel bar and spread around perimeter of the bars when crack induced by
corrosion appeared. The influence of top casting defects on corrosion process was no longer once the

corrosion degree reached a threshold value.

Related to carbonation-induced corrosion, few researches mentioned the influence of top-bar
effect defects and propagation corrosion. One of those is a study by Nasser et al. [1] to investigate
steel concrete interface defects on macro cell current in carbonated concrete. A wall with dimension
100x250x1100mm was casted. Due to top casting effect, some defects were observed in some top
steel bar while steel bars located at the bottom part showed perfect steel concrete bond. After that 6
small cube concrete with embedded steel bar were extracted and then exposed to carbonation

process.
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Figure 35: Observation of steel concrete interface (a- steel bar at the bottom, b-steel bar at the top) [1]

The macro cell corrosion current measured expressed a significant higher value in steel bar with
defects in compared to steel bar without defects, up to 3 times. Then, the macro cell current decreased
versus time probably due to more iron oxides formed at the interface. However, the value in steel with

defects remains higher than the other.

Other study concerning the study of SCI in carbonation-induced corrosion is [83] where the
authors used ring-shaped mortar samples in the experiments. It was found a thicker layer of corrosion
products at the lower surface of steel bars than in the upper location and also the corrosion rate in the
lower half-surface of the reinforcement steel is greater than that in the upper half of the reinforcement
steel surface. This can be explained by presence of voids related to casting direction. The similar
observation can be found in the study by Ghantous [2]. Corrosion is more developed along the lower
surface of the upper reinforcement than the lower part of the lower steel bar. The lower part of the
upper steel bar shows the highest corrosion thickness. Here is also confirmed the role of steel concrete

interface more significant than the surface crack width.

6. Conclusion

Conclusions of literature review:
A shown in the literature review, there is some lack of knowledge concerning the following points:

- Carbonation-induced corrosion is hardly considered in two complementary aspects: uniform and non-
uniform (or localized or macro cell). Indeed, almost all the researches done and published on
carbonation-induced corrosion considered that it corresponds to uniform corrosion. On small
laboratory samples, this is mostly the case, but on real reinforced concrete structures where
reinforcing bars framework include both transverse and longitudinal bars and possible multi-layers,
macro cell process is suitable to superpose to uniform process. A chapter of the thesis will be dedicated

to this study.
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- The use of blended cement which reduced the amount of clinker and then the amount of Portlandite
in the hardened concrete is mostly considered to be detrimental for carbonation-induced corrosion.
Indeed, the pH buffering effect of Portlandite is reduced with the use of blended cement. Nevertheless,
this aspect of the problem is not sufficient to characterize the durability of concrete versus carbonation
-induced corrosion. As a result, some blended cement as the CEM Il using slag as additives, lead to
higher resistivity which is highly beneficial to reduce the non-uniform part of corrosion current. This

point is studied in the thesis.

- Carbonation-induced corrosion in presence of pre-cracks (such as load-induced cracks) appears to
follow the 4-phases corrosion diagram initially described by Tuutti in 1982 [84] and also proposed by
Francois and Arliguie [167] i.e. after a short period of corrosion initiation at crack location, corrosion is
dormant (induction phase) due to the “healing” of cracks due to corrosion products. Ghantous et al.
[175] have confirmed this 4-phases process. Nevertheless, there is still an open question which is the
influence of large voids along the reinforcement as it could be induced by top-bar effect: i.e. the
increase of bleeding and settlement in relation with the height of casting concrete below the re-bars.

A chapter of the thesis will be dedicated to this study.

- Effects of pre-cracks on chloride-induced corrosion are more controversial than the case of
carbonation-induced corrosion. There is a major ambiguity on the effect of the duration of experiments
on the conclusions of the results. Indeed, in the 4-phases corrosion diagram proposed by Frangois and
Arliguie. [167], the change between the initiation phase and dormant phase could be not reach if the
duration of experiments is too short. Moreover; the influence of top-bar effect is also an important
issue for chloride-induced corrosion. Pre-cracking when it is due to loading is accompanied by damage
at Steel Concrete Interface. To separate the effect of this mechanical damage from the defects at SCI

due to top-bar effect, a study of the effect of artificial cracks is done in one chapter of this thesis.
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1. Introduction

In this chapter the material and experimental method of specimens concerning the thesis are
presented. Some details of the experimental programs related to studying on carbonated and chloride

induced corrosion are described in the following sections.

Firstly, the stage of the process is to prepare the specimens for the suitable experiment (1). To
dedicate to the tests related to crack certain concrete samples were controlled cracking (2). The
specimens were subjected to aggressive conditions (3). For studying corrosion, the cracked samples

were exposed to wetting/drying cycles (4). The general process of specimens is presented in Figure 36.

. Expose to
Preparation of . . .
. Crack opening agressive Corrosion
specimens factors
(2) (4)

(1) (3)

Figure 36. Process of specimens

(1) Include the specimens for carbonation induced corrosion or chloride induced corrosion.

(2) This step is subjected to specimens dedicating to the test concerning to carbonation induced
corrosion or chloride induced corrosion in presence of pre-cracking.

(3) Include the accelerated carbonation or exposing to chloride environment.

(4) Include the wetting exposure following to the drying.

2. Experiments corresponding to carbonated induced corrosion

In order to study carbonation induced corrosion, several concrete samples were utilized in the
measurement. These are extracted from a series sample in an experimental campaign by Chahoulb

[27].
2.1. Description of the cathode samples
Cylindrical cathodes (Figure 37) and a reinforced concrete wall (Figure 38) were used in the

measurements.

The cylindrical cathode samples had a diameter of 110mm, a height of 220 mm and a cover of 5.2
cm. One Fe 500 steel bar with 6 mm diameter ribbing was embedded at the center of the cathode.
Three lengths of steel bar were utilized including 10 mm, 50 mm and 160 mm. The upper and lower

part of each steel bar was welded with an electrical wire.
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Figure 37. Dimension of cathode samples adopted from [27]

The reinforced concrete wall had dimensions 75x20x100 cm and contained 10 horizontal @ 12
mm bars 70 cm in length and 8 vertical @ 12 mm bars having lengths of 102 cm and 5 cm emerging
from the concrete. The steel bar network was completely electrically disconnected but could be
electrically connected externally thanks to a connection box. After demolding a PVC pipe containing a
sodium hydroxide solution was connected to the wall with silicone. The pipe must be supported for 1

to 2 days to allow the silicone to dry and to make sure the connection is completely sealed.
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Figure 38. Dimension of concrete wall adopted from [27]

2.2. Description of the anode samples
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The anode samples (Figure 39) were cylindrical with dimensions @= 33 mm and h= 70 mm, having

one steel bar with a diameter of 6 mm and a height of 10 mm embedded at the center.
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Figure 39. Dimension of anode samples adopted from [27]

Anode concrete samples were casted as cylindrical concrete specimens with a diameter of 110 mm
instead of 33 mm and a height of 70 mm were made because of the size of aggregates. After curing,
the final anode (¢ 33 x h 70 mm) was extracted from the cylindrical specimen by coring. Electrical wires
were welded to the upper and lower side of the steel bar. These anodes were carbonated before

applying in the following test.

2.3. Material

For the cathodes and anodes, three concrete formulations, used in Perfdub Project
(https://www.perfdub.fr/), (B1-15L-049, B3-041 and B3-15L-051) were used in this study. Their

compositions are given in Table 3.
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Constituents B1-15L-049 B1-15L-049 B3-15L-051
Cement 280 kg/m? 380 kg/m? 280 kg/m?
(CEMI152,5N (CEMIIIA52,5LCE (CEMIIIA52.5LCE
CECP2 NF) PM-ES-CP1 NF) PM-ES-CP1 NF)
Sand 818 kg/m? 830 kg/m? 818 kg/m?
Gravel 957 kg/m3 309 kg/m3 957 kg/m?3
(6-20 5C) (4-11.2 All SCL) (6-20 5C)
696 kg/m3
(11.2-22.4 All SCL)
Water/cement 0.58 0.41 0.6
Water/ binder 0.49 0.41 0.51

Table 3. Formulation of the concrete

The reinforced concrete (RC) wall was made with CEM | cement and water/cement ratio of 0.55.

Table 4 presents the formulation of concrete wall.

Constituents Mass (kg/m3)
Cement (CEM 1 52.5 N CE CP2 NF) 350
Sand (0/4R ALL SIL CE) 700
Gravel (4/10 SR ALL SIL CE) 1100
Water 195

Table 4. Formulation of the concrete wall
2.4. Accelerated carbonation of the anodes
After curing, the anodes were stored in an oven for 14 days at 45°C followed by 7 days at 20°C and
a relative humidity of 65%. The samples then were subjected to carbon dioxide concentration of 50%

in a climate chamber. Carbonation front was controlled with Phenolphthalein test in 3 control samples

during the carbonation process.
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3. Experiments corresponding to carbonation induced corrosion in presence of pre-crack

In order to study the influence of top-bar effect on carbonated induced corrosion process, five

small concrete beams were utilized.

3.1. Descriptions

The laboratory tests are usually performed on centimetric scale specimens. However, it is
important to carry out some experiments on representative samples of the real reinforced concrete
structures. This is why the beams with dimensions of 150x150x550 mm with two layers of steel bars
(Figure 40) were cast. Each of them was reinforced with two layers of steel bars of 6 mm in diameter
including two steel bars embedded on the upper and two steel bars on the lower side, respectively.
Two shorter steel bars were placed in the middle of the left and right sight of the specimens acting as
the control bar in the following measurements. Electrical wires were welded to the reinforcement as

well as the reference bars in the measurement of corrosion current. The concrete cover depth was 32
mm. The casting direction is from top bars to bottom bars. This casting direction aims to study the

defects of steel concrete interface due to fresh concrete settlement and bleeding (top-bar effect).

;gf\
AR

550 mm

Figure 40. Description of the beams

Bottom

Casting direction

Top bar

Figure 41. 3-points bending test

After curing the specimens were pre-cracked by three point bending test (Figure 41). In order to

control the crack opening, a Linear Variable Differential Transformer (LVDT) was placed where the

80



CHAPTER II. EXPERIMENTAL PROGRAM

crack was expected to appear). At the beginning, the load is increased slowly until cracking starts. Then,
by performing loading/unloading cycles and by increasing the maximum applied load from one cycle
to another, the residual crack opening (that is to say after unloading) increases. Therefore, the crack

opening could be controlled and a range of crack opening could be obtained.

The specimens were exposed to accelerated carbonation before being utilized in following test.
During the period of measuring corrosion current, the beams were applied wetting/drying cycle each

day.

3.2. Material

The following tables (Table 5, Table 6) present the chemical composition of cement and concrete

composition, respectively.

SiO, Al,O3 Fe,03 TiO, | MnO | CaO MgO SOs3 K>O Na,O | P,0Os S? cr

20.34 | 453 | 2.47 - - 65.35|1.01 |3.38 |0.14 | 0.13 | 0.08 |<0.01 | <0.01

Table 5. Cement composition (%)

Constituents Mass (kg/m3)
Sand (NF EN 196-1) 1543
CEM 1 52.5R (Le Teil) 514
Water 257

Table 6. Concrete mix
3.3. Carbonation process

e Descriptions of the process:

The carbonation process of specimens was generated in a carbonation climatic chamber
according to the plans of another carbonation chamber implemented by Drouet [58] which is

describes as following:

- Aclimatic chamber Votsch VC3 0060 of 600 liters (Figure 42): which can continuous control
the temperature and relative humidity. The standard deviations in the temperature and in
the relative humidity are respectively equal to 0.05°C and 0.2%.

- A SIEMENS cabinet of analysis and control (Figure 43): which regulate the carbon dioxide
rate inside the climatic chamber. This cabinet consists of a CO, analyzer (measure by

absorption of infrared radiation) and a regulation system (pumps and servo-electro
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valves). Gas is continuously sampled from the climatic chamber and analyzed by the
analyzer. If the CO2 concentration inside the climatic chamber drops below the set value,
the regulation system injects CO; inside the climatic chamber in order to maintain the
required carbon dioxide pressure. The standard deviation detected in the CO, pressure

value is equal to 0.05% for an operating range from 0 to 100%.

Figure 42. Climatic chamber Figure 43. Siemens cabinet of CO2 analysis and control

Pressurized air ‘
Analysis and CO,

control cabinet G . % Climatic chamber
as cooling
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| — | =
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Dry air B S i S [+ | | _I_, S
\ S| - 1 8
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Thermo—hygrornéter ' T B
)

Data monitoring g
and acquisition

Figure 44. Schematic of the carbonation system[58]
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The accelerated carbonation conditions were chosen as following:

- The carbon dioxide concentration was 3%. This is considered a suitable concentration
which offers a compromise between the duration of the experiments and the

representative to the natural carbonation [52, 207].
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- The temperature and relative humidity were 25°C and 55%, respectively. These are the

conditions which obtain the maximum carbonation rate [42, 207].

3.4. Exposure environment

The wetting/drying cycles was performed each day by means of a device (Figure 45).

Figure 45. Device generates wetting/drying cycle and measure macro cell current
4. Experiments corresponding to chloride induced corrosion in presence of pre-crack

In order to research the influence of top-bar effect on chloride induced corrosion process, twelve

reinforced concrete blocks which were named type G3 blocks were cast.

4.1. Descriptions

As presented in Figure 46, the G3 samples have the dimensions of 280x210x150 mm. Each
specimen contains 5 embedded main steel bars of 12mm in diameter and a stirrup of 6 mm in
diameter. Four of main bars were fixed at the corner of the stirrup and one was placed at the center
playing a role of the steel coupon in the macro cell current measurement. Electrical wires were welded
to the end of the main bars to measure the macro cell current between the steel coupon and the main
bars in the concrete block. Each corner of the stirrups was covered by insulting material to exclude the

affection of stirrup on the corrosion of main bars. The purple arrow signified the casting direction.
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Artificial crack
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Figure 46. Description of G3 concrete block

The twelve concrete blocks were divided into two groups of 6 samples. In one group, an
artificial crack with Imm in width and 27 mm in depth was created in the location of midcourt line on
the top surface of each specimen. In order to obtain the artificial crack, a shim was fixed at the middle
location of the steel frame work before casting concrete and was removed after initial setting of
concrete. However, no artificial crack was applied to the concrete block of the other group. In each
group, there were 3 samples in which each main bar is connected to a wire while in the 3 other

samples, all four steel bar were simultaneously connected to a wire.

4.2. Material

Table 7 and Table 8 provide the chemical composition of cement and concrete composition,

respectively. The water/cement ratio was finely adjusted to obtain a slump of 70 mm.

SiOz A|zo3 FEzOs CaO MgO 503 Na,O

21.4 6.0 2.3 63.0 14 3.0 0.5

Table 7. Cement composition (%)

Mix composition Size Mass (kg/m?3)
Portland cement OPC (high performance) 435

Water 217.5

Rolled gravel 5-15 mm 726.19

Sand 0-5mm 895.28

Fiber (Dramix 65-35) 58.5

Table 8. Concrete proportion
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4.3. Exposure environment

After curing the specimens were exposed to chloride environment. The exposure condition was
always wetting and drying cycles and experienced in a wooden chamber. Each cycle was included two
days of wetting followed by five days of drying. During the wetting period all the samples were exposed
to salt fog environment (35g/L of NaCl, equivalent to the concentration of seawater) thank to four
spray nozzles at each upper corner of the chamber. The door was opened during the drying period.
The temperature was the same as the natural outdoor environment of southwest France, with monthly
average temperature ranging from 5.1°C to 21.3°C .The monthly average relative humidity varied from

50% to 84%.
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1. Introduction

Recently, concern about carbonation-induced corrosion has increased due to the need to
lower emissions released to the environment [208-210]. However, a change of clinker content to
reduce CO2 emission could lead to concrete exhibiting lower resistance against the carbonation
process. Among the binder substitutes available, slag is a supplementary cementitious material that is
currently in favor [76, 211, 212]. One part in this chapter will compare the carbonation induced
corrosion occurring when cement with high clinker content is used and when a high percentage of the

clinker is replaced by ground granulated blast furnace slag.

Numerous researchers are of the opinion that carbonation-induced corrosion occurs in
uniform or generalized corrosion [75, 212-218]. However, there are several alternative opinions.
According to [76], in real structures, corrosion caused by carbonation may be localized. In [66], Castel
and Nasser indicate that galvanized corrosion (or macro cell corrosion) in carbonated concrete
structures seems higher than uniform corrosion. This phenomenon is also described by Francois et al.

in [19].

02 0 ’ f.ézo'f

ﬂ ANODE

coating

Figure 47. Schematic Illustration of macro cell corrosion due to carbonation: when the carbonation front reaches the first
layer of the reinforcement layout, the other layers of steel bars, which are still passive and located in the un-carbonated
zone act as a cathode.

As schematically shown in Figure 47, when the carbonation front reaches the first layer of the
rebars, there is a strong macro cell coupling between the other layers of the reinforcement, including
the stirrups, which are still in un-carbonated concrete that is quite saturated due to the distance to the
concrete surface. The corrosion of the first layer then results from a coupling between a uniform
corrosion and macro cell corrosion. Unlike the corrosion products formed during chloride-induced
corrosion, those of carbonation-induced corrosion are not fluid, so the pressure on the concrete cover

will be high. It could lead to the premature appearance of corrosion-induced cracks, which are in-
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aesthetic, may reduce the bond between reinforcing steel and concrete, and may lead to delamination

and thus to safety problems for the public.

In the chapter, the corrosion in carbonated concrete will be also studied from the points of
view of both galvanized corrosion and uniform corrosion. It is important to better understand the
relative proportions of macro cell corrosion and uniform corrosion in the early process of corrosion in

real carbonated reinforced concrete structures.

2. Materials and method
2.1. Materials

Three concrete formulations (B1-15L-049, B3-041 and B3-15L-051) were used in this study.
Their compositions are given in Table 9 and Table 10. These 3 concretes are studied in a French Project
called Perfdub (https://www.perfdub.fr/) which aims to study concrete performance according to
durability indicators. It corresponds to industrial concrete compositions used on site, but the W/B ratio
is almost the same (i.e. 0.5) for the CEM | concrete (B1-15L-049) and one CEM Il concrete (B3-15L-
051). The 2nd CEM Il concrete allows study the influence of a lower W/B ratio (0.41).

B1-15L-049 B3-041 B3-15L-051
Cement type 85% CEM | 52.5N + 15% 100% CEM 11l A 52.5L 100% CEM 11l A 52.5L+
Betocarb GY 15% Betocarb GY
Slag % 0 64 64
Clinker % 97 36 36
C3S% 68 68 68
C25 % 11 11 11
C3A % 10 10 10
C4AF % 8 8 8
Vitreous Slag % 98.7 98.7 98.7
(Ca0+Mg0)/Si02 1.3 1.3
(Ca0+Mg0+5i02)% 83.6 83.6
Limestone filler 95 95
Betocarb GY
CaCO3 (%)

Table 9. Silicate and aluminate compositions of cements and GGBS slag compositions
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Mass of constituents in kg/m3
Concrete formulations B1-15L-049 B3-041 B3-15-051
Sand 818 830 818
Gravel 957 1005 957
280 380 280
Cement
(CEM 1) (CEM 111 A) (CEM 111 A)
50 50
Limestone
(Betocarb HP 0 (Betocarb HP
filler
Gy) Gy)
Binder G, 330 380 330
" 1.6
Plasticizer 46 21
(SIKA
(Optima 372) (OMEGA 144)
Techno 348)
Effective
163 155 169
water
Theoretical
2315 2390 2320
density p
Apparent
2090 2280 2130
density
Measured
2319 2349 2332
density at 28d
Mbp % 14.25 15.9 14.22
Slump
160 170 190
(mm)
water/cement 0.58 0.41 0.60
Water/binder 0.49 0.41 0.51
Paste volume (L) 320 300 329

Table 10. Composition of concrete formulations.

The steel bars used in this study were cold rolled ribbed steel bars with diameters of 6 mm and

12 mm, manufactured by Fimurex, France. No treatment was applied to the rebar and the presence of

90



CHAPTER Ill. UNIFORM AND MACRO CELL CORROSION IN CARBONATION INDUCED CORROSION

a non-uniform layer of mill scale on the surface was observed. This surface state, also called “As
Received”, is one of the most popular types for steel bars.
2.2. Characterization tests

Table 11 presents the results of several characterization tests which were performed on these

3 concretes.

Concrete Strength Fc28 Porosity Resistivity
formulations (MPa) pw (%) (Q.m)
B1-15L-049 40 16.3 69
B3-15L-051 41 17.2 267
B3-041 74 114 718

Table 11. Characterization tests results of the concrete formulations.
Water porosity tests were carried out according to standard NF P18-459. It was found that the
water porosity of concrete B3-15L-051 at 90 days was slightly higher than that of B1-15L-049 at 28
days and that the porosity of B3-041 was much lower than that of B1-15L-049 and B3-15L-051 due to

the lower w/b ratio of this formulation.

The average values of electrical resistivity of all the mixes with the coefficient of variation (CV)
were tested in the French Perfdub project [108]. It can be seen that slag cement formulations (B3-041
and B3-15L-051) present higher resistivity than the concrete without slag (B1-15L-049), B3-041 having

a higher resistivity than B3-15L-051 due to its lower w/b ratio.

2.3. Preparation of samples

The samples were based on the test protocol with separation of the cathode and anode
derived by Chalhoub et al. [111]. However, the anodes were involved in the process of carbonation

instead of chloride contamination.

2.3.1. Cathode samples
Cylindrical cathodes and a reinforced concrete (RC) wall were used in the research.
The cylindrical cathode samples had a diameter, @, of 110 mm, a height, h, of 220 mm and a
cover of 5.2 cm (Figure 48). One Fe 500 steel bar with 6 mm diameter ribbing was embedded at the

center of the cathode. To verify the influence of the cathode/anode ratio, 3 lengths of steel bar were

utilized: 10 mm, 50 mm and 160 mm. After casting and demolding, the cathode samples were placed
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in a wet curing room (relative humidity = 95%). Cylindrical cathodes allowed cathode/anode ratios of

1, 5 and 16 to be tested.

welded
electric

™ wire — T
M~ 1 A
— welding
Figure 48. Cathode samples
£
~ |_Ribbed £ § 5
o Steelbar &) o 9
$6 mm
. . .
T —Ttem — IIcm —_TIcm

The RC wall had dimensions 75x20x100 cm and contained 10 horizontal @ 12 mm bars 70 cm
in length and 8 vertical @ 12 mm bars having lengths of 102 cm and 5 cm emerging from the concrete
(Figure 49). The steel bar network was completely electrically disconnected but could be electrically
connected externally thanks to a connection box. During the measurement of the macro cell current,
the anode was immersed in NaOH solution contained in a PVC pipe firmly sealed outside the wall.
Reinforced concrete wall was used to test cathode/anode ratios (C/A) from 750 to 2200. The RC wall
was made with ordinary concrete: CEM | cement and w/b ratio of 0.55. The electrical resistivity was
recorded 110 Qm at 90 days. The RC wall has a different mix composition because it is used only to

test high C/A ratios.
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Figure 49. Wall sample
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2.3.2. Anode samples

The anode samples were cylindrical with dimensions @= 33 mm and h= 70 mm, having one
steel bar with a diameter of 6 mm and a height of 10 mm embedded at the center (Figure 50). These

samples were carbonated before being utilized in the following tests.

Figure 50. Anode sample

2.3.3. Anode carbonation process

After 8 weeks of wet curing, the anodes were stored in an oven at controlled temperature of
45°C and constant relative humidity of 25% during 14 days, followed by 7 days at 20°C and 65% relative
humidity. The contamination of the anodes with carbon dioxide was carried out in a 65% relative humid
chamber with 50% of CO2. The choice of 50% of CO2 was done in accordance to NF XP P18-458
standard, this method was used in the first part of French Perdub project. The percentage of CO2 is
very high and it could have an effect on the length of steel concrete interface carbonated from a crack
as shown by Ghantous et al. [207]. Nevertheless, here the goal is to fully carbonated the anode sample,
and not studied the progress of the carbonation front. Then, results will allow compare the corrosion

rates of the 3 concretes.

The carbonation depth was measured with phenolphthalein solution. After spraying with this
solution, if the concrete is observed to be purple, its pH is higher than 9. The pH is from 8 to 9 when
the concrete becomes pink and is below 8 when no change of color is observed. The aim was to obtain
complete carbonation of the anode samples. For each formulation, 3 control specimens (without
reinforcements) 40 mm in diameter and 70 mm in height were extracted from specimens 110 mm in
diameter and 220 mm in length by coring. These test pieces were placed under the same conditions of

attack (carbonation chamber) as those intended to reveal the progress of the carbonation front.
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The complete carbonation of the anode samples was quite long especially for the B3-041
concrete with the lower W/B ratio. The end of the carbonation process was decided at 100d, 200d and

250d respectively for the 3 concretes B1-15L-049, B3-15L-051 and B3-041.

2.3.4. Corrosion process

After complete carbonation of the anode samples, checked according to the control samples,
they were placed in tap water for 48 hours to induce full capillary suction to reach the re-bar and lead
to the onset of corrosion. The corrosion onset was checked by both a potential drop greater than 200

mV and the existence of macro cell current when connected to a cathode.

2.4. Measurement of currents

The methods chosen for the assessment of corrosion under uniform current and galvanized
current were Polarization resistance and a Zero resistance ammeter (ZRA), respectively. All the

electrochemical experiments were performed at a constant temperature of 200C in a controlled room.

2.4.1. Measurement of the uniform current

The measurement of the current was based on RILEM TC 154-EMC [110]. This is a non-
destructive electrochemical method to obtain the corrosion current density. The corrosion rate was

calculated by means of the Stern-Geary formula (Equation 3):

) B
lorr = R_ (ﬂA) Equation 3

p

The value of 26 mV is recommended for constant B in cases where steel is in an active state
[30]. For the anode used in the test, the dimension of the steel is very small and the concrete totally
carbonated. Corrosion can be considered uniform and the corrosion current can therefore be

calculated by means of Equation 4:

|
o = csorr (yA/cmz) Equation 4

Where S is the surface area of the steel embedded in the anode. With the anodes used in the

test, S=1.88 cm?2.

The LPR technique gives an “apparent” response including both the polarization resistance Rp
and the Ohmic resistance Re. The calculation of Re was achieved by a potentiostatic step of 30 mV to
calculate the instantaneous response corresponding to the Ohmic behavior (see Figure 51 and Figure

52).
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LPR measurement Potentiostatic step : 30 mV
I (mA) I (mA)
0,004 0016
3 0,014 '
0,012 U/R
0,002 e
0,01
0,001
E (mV/AgAgCl) '\ R,+R. 0,008
6 0,006
041 04 038 037 036 -035 034 U/(R+R.)
0,001 0,004 -
02 || TR
-0,002 ; v time (s) I
-0,003 0 10 20 30 40 50 60 70
Figure 51 : example of LPR test on B1-15L-049 sample Figure 52 : example of potentiostatic test on B1-15L-049

sample

2.4.2. Measurement of the macro cell current

The anode and cathode samples were connected by a Potentiostat controlled by EC lab
Software using the electrochemical technique to measure the galvanized current between them
(Figure 53). The measurement of the current was set up in 24 hours. The anodes were totally immersed

in water during the test.

ZRA test

4,50E-02
4,00E-02 ®
350E02 | 18 (mA)
3,00E02 ®
2,50E-02
2,00E-02
1,50E-02
1,00E-02
5,00E-03 time (s)
0,00E400 ® s

0,00E+400 2,00E+04 4,00E+04 6,00E+04 B8,00E+04 1,00E405

Figure 53 : Example of macro cell current measurement by ZRA
technique for B1-15L-049 concrete

Cathode permutation was used to study the impact of cathode/anode ratio by changing the
size of the cathode. Cylindrical cathode corresponding to a ratio of 1, 5 and 16 were used. In addition,
the anode samples were coupled a concrete wall to obtained larger C/A ratio (varying from 750 to

2200).

2.4.3. Measurement of electrical resistivity of carbonated samples

The approach used to measure the resistivity of carbonated sample consisted in using the
electrical resistance obtained during the potentiostatic tests of steel reinforced specimens (from the
instantaneous responses at the polarization step such as shown in Figure 52 and converting it into

electrical resistivity by inverse numerical modeling. In others words, a numerical model was involved
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to assess the specimens geometrical factor, linking resistance and resistivity. The protocol is defined

in Chalhoub et a.[129].
3. Results and discussions

3.1. Electrical resistivity of carbonated samples

Table 12 presents the average value of electrical resistivity of the 3 concretes after full
carbonation and the carbonation duration of the samples when tested. It can be seen that CEM IlI
formulations (B3-041 and B3-15L-051) present higher resistivity that the CEM | concrete (B1-15L-049),
B3-041 having the higher resistivity than B3-15L-051 due to its lower w/b ratio.

Concrete formulations Resistivity (Q2.m) Carbonation duration (day)
B1-15L-049 240 100
B3-15L-051 800 200

B3-041 2000 250

Table 12. Resistivity of carbonated samples

The resistivity of the 3 concretes after carbonation is about 3 times higher than non-
carbonated concretes. In both cases, the measurement was achieved on saturated materials. The

result is in agreement to previous researches [219, 220].

3.2. Uniform corrosion current

The corrosion current densities measured according to LPR tests for the 3 different concretes
are shown in Figure 54, Figure 55 and Figure 56. For each concretes, four samples are tested (S-1 to S-

4 for B1-15L-049 and B3-15L-051; or S-2 to S-5 for B3- 041 concrete).

UNIFORM CORROSION
ieorr (HA/CM?) B1-15L-049 CONCRETE

25

Figure 54. Concrete B1-15L-049 — uniform current density
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UNIFORM CORROSION
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Figure 55. Concrete B3-15-051 — Uniform current density
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Figure 56. Concrete B3-041 — uniform current density

A significant dispersion can be seen between the different anodes of the same concrete group.
The difference in terms of uniform current does not change very much from one concrete composition
to another. Despite a significant difference in resistivity for the 3 concretes, the uniform current
densities are in the same order of magnitude about 1.5 uA/cm?. The porosities of the 3 concretes B1-
15L-049, B3-15L-051 and B3-041 are respectively 16.3%, 17.2% and 11.4%. The absence of effect of
porosity on the uniform corrosion current is probably linked to the high moisture environment

involved in the test protocol [41].

3.3. Macro cell corrosion current

The macro cell corrosion current, expressed as macro cell current density by using the anode
surface area, between the 4 anodes of each group connected to a cathode of the same group are

shown in Figure 57, Figure 58 and Figure 59. The cathode used is the one with a C/A ratio of 16.
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GALVANIC CURRENT
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Figure 57. Concrete B1-15L-049 — macro cell current density
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Figure 58. Concrete B3-15-051 — macro cell current density
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Figure 59. Concrete B3-041 — macro cell current density

It can be seen that the differences in macro cell current density between the different anodes
of the same group of concretes are not very large but, on the contrary, there is a large difference in
terms of macro cell current density between the different concrete compositions. The effect of

concrete resistivity in the case of macro cell corrosion is thus highlighted.

When dealing with macro cell corrosion process, the effect of resistivity of concrete is linked
to both anode and cathode. At anode location the resistivity is higher than at cathode location.
Nevertheless, for a given concrete, a higher resistivity at anode corresponds also to a higher resistivity
at cathode. As a result, the macro cell current in case of CEM Il concretes (B3-041 and B3-15L-051) is
significantly lower than CEM | concrete (B1-15L-049), B3-041 having the lower macro cell current

density than B3- 15L-051 due to its lower w/b ratio.
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3.4. Macro cell current in relation to the Cathode to Anode ratio (C/A)

When dealing with carbonation-induced corrosion, the Cathode to Anode ratio (C/A) is not as
high as in the case of chloride-induced corrosion, because a significant surface area of reinforcing steel
is depassivated by the motion of the carbonation front. In the case of two layers of reinforcing steel,
the ratio could be estimated to have a value of 1. In the case of a multi-layer structure or structure
with a very dense reinforcement layout, such as can be found in a nuclear power plant, the ratio could
be higher - but probably less than 10. It should be noticed that in case of pre-cracked concrete (load-
induced cracks or others causes), the carbonation front could reach quickly the steel bar at crack tip

and then induced corrosion initiation with a high C/A ratio.

Nevertheless, to compare the effect of the C/A ratio on the macro cell current density with
that of chloride-induced corrosion as shown by Chalhoub et al. [111], the B3-041 anodes were
connected to different cylindrical cathodes with C/A ratios varying from 1 to 16, and then to a
reinforced concrete wall with a C/A ratio varying from 750 to 2200. The same CEM | concrete cathode
as used by Chalhoub et al. [111] was connected to the different anodes of the 3 groups of concrete.
This experiment does not correspond to a practical case since on-site the anode and cathode are
obviously made with the same concrete. Because the tendency was the same, it was chosen to only
show the B3-041 results. It gives information on the control process due to the resistivity of the

cathode and the effect of C/A ratio.

icorr (uA/cm2) Macro cell current versus C/A ratio
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Figure 60. Macro cell current density vs C/A ratio (1 to 16)
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Figure 61. Macro cell current density vs C/A ratio up to 2200

From the results plotted on Figure 60, it can be seen that the macro cell current for a C/A ratio
of 16 is varying between 4 and 6.4 pA/cm?, with an average value of 5 pA/ cm?, which could be compare
with Figure 59 where the average value is 0.425 pA/ cm?. As a result, by changing the concrete at the
cathode from CEM Il concrete (B3-041) (resistivity of 718 Qm) to the CEM | concrete from the wall
(resistivity of 110 2m), the macro cell current measured is more than 10 times higher. It confirms that

the macro cell corrosion process is on Ohmic control.

The effect of C/A ratio on macro cell current is shown in Figure 60 and Figure 61. For low C/A
ratios, it seems that the current density is quite proportional to the ratio but, for high C/A ratios, the
behavior tends to become asymptotic. These results are similar to those found by Chalhoub et al. [111]
when dealing with chloride-induced corrosion. Effect of C/A is well-known for macro cell current in
chloride- induced corrosion as shown by Warkus and Raupach [138], but usually not considered in
carbonation induced corrosion. Because the increase in electrical resistivity reduces the mobilizable
Cathode- Anode distance [221, 222], a high resistivity concrete can limit the macro cell process in case

of structures with dense reinforcement lay-out.

3.5. Influence of resistivity of concrete on corrosion current

For uniform corrosion process, the resistivity involved is the one after carbonation which is
higher than the initial one. Figure 62 shows the effect of the resistivity of concrete on the uniform
current density in carbonation-induced corrosion. Resistivity was measured in saturated conditions

corresponding to the corrosion test.

100



CHAPTER Ill. UNIFORM AND MACRO CELL CORROSION IN CARBONATION INDUCED CORROSION

UNIFORM CORROSION

2,5
2
]
&
€ 1,5
< n
<
2 1
£ i
o
2 05
0
0 500 1000 1500 2000 2500
B1-15L-049 B3-15L-051 = B3-041

Resistivity (Qm)

Figure 62. Influence of resistivity on the uniform current density

Resistivity of the 3 carbonated concretes B1-15L-049, B3-15L-051 and B3-041 were
respectively 240, 800 and 2000 Ohm.m as shown in Table 12. The results plotted in Figure 62 do not
show a clear influence of concrete resistivity on uniform current. This result is quite logical since, in a
uniform corrosion process, anodic and cathodic sites are at the same location, so neither anodic nor
cathodic current is supposed to be influenced by the concrete resistivity. This indicates that the
uniform corrosion rate of steel in carbonated concrete is not under Ohmic control as found by
Stefanoni et al. [41]. Nevertheless, many studies have shown a negative correlation between corrosion

rates and the resistivity of concrete for carbonation induced corrosion [76, 77, 216, 217, 223-225].

For macro cell corrosion process, both resistivity before and after carbonation are involved in

cathodic and anodic process respectively.

Figure 63 and Figure 64 indicate the effect of resistivity of concrete on the macro cell current

density measured both after carbonation and before carbonation.
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Figure 63. Influence of resistivity on the macro cell current density (for a C/A ratio of 16)
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Figure 64. Influence of resistivity on the macro cell current density (for a C/A ratio of 16)

The results plotted in Figure 63 show a huge effect of resistivity of the concrete on the macro
cell current. Here again, this result is quite logical since the ionic current flowing in the concrete is
affected by the concrete resistivity and the distance between the anode site and the cathode. It should
be noticed that the cathodic process corresponds to a non-carbonated concrete where the resistivity
is lower than the one used in the Figure 63. Nevertheless, the use of the resistivity of sound concrete
in abscissa of Figure 63 will not change the tendency because the changes in resistivity before and after

carbonation are almost the same for the 3 concretes tested.
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The use of CEM Ill cement in concrete, which significantly increases the resistivity of the
concrete, is thus shown to reduce the macro cell part of the corrosion current in real structures with

multi- layer reinforcements.

Indeed, Figure 63 shows that macro cell current density for B1-15L-049 concrete is about 5
times higher than B3-15L-051 concrete for a quite identical w/b ratio of respectively 0.49 and 0.51
resulting in a quite identical water porosity of respectively 16.3%, 17.2%. This result clearly shows an

impact of the cement type on the corrosion rate of carbonated concrete.

Moreover, when the two CEM Il concretes (B3-15L-051 and B3-041) are compared, the
corrosion current density is significantly lower for the B3-041, which has the lowest resistivity due to

a lower w/b. This result clearly confirms the impact of w/b ratio on the macro cell current density.

3.6. Numerical simulation of macro cell corrosion

This section is dedicated to the Numerical simulation to study macro cell corrosion is relation
to the resistivity of concrete closed to the anode, the resistivity of concrete closed to the cathode, the

value of the cathodic Tafel coefficient and the ratio C/A.

The numerical simulation was based on the Finite Element Method (FEM) using The COMSOL

Multiphysics software (Figure 65).

The numerical simulation was governed by the local Ohm’s law (Equation 5) and electric charge

conservation (Equation 6).

1
i=—=V£ Equation 5

=0 Equation 6

Where:

- Eisthe potential field (V)
- iisthe local current density vector (A/m?)

- pisthe electrical resistivity (Q.m)

The steel-concrete interface for both active and passive steel was modeled according to the

Butler—Volmer kinetics with their respective parameters as presented in Equation 7 and Equation 8:

log(10)(E, —E —log(10)(E, - E

I _ | corr,a) _ corr,a)

corr,a ~ ‘corr,a ﬂ ﬁ
a,a c,a

Equation 7
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corr,p —

Where:

corr,p

log(10)(E, - E

corr,p)

ﬂa,p

—log(10)(E, -E

corr,p)

ﬁc,p

Equation 8

- leorra and leorrp (A/m?) are the corrosion currents following through the steel concrete interface

for active and passive steel, respectively.

- icoma and icorrp (A/m?) are the corrosion current density values at active steel and passive steel,

respectively.

- Esand E; (V) are are polarization potential for both steel rebars, respectively.

- Ecomra and Ecorrp (V/ref) are the corrosion potential values at active steel and passive steel,

respectively.

- ﬂayaand ,Ba,p (V/dec) are the is the anodic Tafel slope at active steel and passive steel,

respectively.

- ,chaand ﬂcyp (V/dec) are the is the cathodic Tafel slope at active steel and passive steel,

respectively.

The final electrochemical parameters used in the numerical simulation are presented in Table 13.

Concrete Ecorrp icorr,p Ba,p Be,p Ecorr,a icorr,a Ba,a Bc,a Rhoa | Rhoc
formulation (V) (A/m2) (V/dec) (V/dec) ()] (A/m2?) | (V/dec) (V/dec) (Qm) | (Qm)
B1-15L-049 -0.15 0.00015 0.4 0.1 -0.5 0.05 0.125 0.136 240 69

-0.15 0.4
B3-15L-051 0.00015 0.22 -0.5 0.05 0.125 0.136 800 267
B3-041 -0.15 0.000015 0.4 0.25 -0.5 0.05 0.125 0.136 2000 718

Table 13. Electrochemical parameters and materials parameters

Indeed, the values of cathodic Tafel coefficient Bc,p and the current density at cathode icorr,p,

appears to be in relation with the type of cement and the W/B ratio. The others electrochemical

parameters are kept constant. As a result, we consider that anodic process in not dependent of cement

type and W/B ratio as it was supposed in Chalhoub work [27] .On the contrary, because cathodic

reaction involved oxygen reduction, the availability of oxygen in term of porosity at SCl interface, linked

to W/B ratio, and in term of oxygen consumption, linked to the presence of sulfur (CEM Ill cement)

would be different for each concrete. Cathodic parameters are then adjusted for each concrete

formulation.
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Streamline: Current density
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Figure 65. Modeling of anode and cathode in COMSOL
Firstly, we will do some numerical simulation to see the impact of electrochemical parameters
of the corrosion current density. Indeed, Chalhoub [27] have shown that the cement type could have

an influence of the cathodic reaction and especially on the cathodic Tafel coefficient.

Secondly, the influence of resistivity at anode or cathode will be tested. Indeed, resistivity has
a significant impact of the macro cell current density. Both effect of resistivity at the anode or at the

cathode are tested.

Finally, the effect of C/A ratio is tested. Indeed, in case of carbonation induced corrosion, the

ratio C/A is not as high as it is the case for chloride-induced corrosion.

3.6.1. Effect of the value of Tafel cathodic coefficient: Bc,p

To study the effect of Bc,p coefficient on the macro cell corrosion current, it is first assumed
that cathodic corrosion current density icorrp is in relation with the W/B ratio. Then icorp is considered
to be the same for B1-15L-049 and B3-15L-051 concrete while it is considered that icorrp decrease with

the decrease of W/B.

As a result, the icorrp is kept the value of 0.00015 A/m2 with B1-15L-049 and B3-15L-051 while
the value is 0.000015 A/m? with B3-041. Then we make numerical simulations with Bc,p varying

between 0.1 and 0.3. Figure 66 gives information of the effect of changing the value of Bc,p.
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Changing of Bcp B1-15L-049 B3-15L-051 B3-041
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Figure 66. Changing the value fc,p

Figure 66 shows the effect of the cathodic Tafel coefficient on the macro cell current corrosion
in the case of a C/A ratio of 16, which corresponds to the experimental results at the beginning of the
chapter. From Figure 66, it appears that Bc,p coefficient has a huge impact of the macro cell corrosion
current. From this parametric study, we can see that it is necessary to have a value of Bc,p =0.1 for B1-
15L-049 concrete to be able to fit with the experimental results: i.e. a macro cell current density around
16uA/cm? (Figure 57). Concerning the B3-15L-051 concrete, it appears that the value of Bc,p = 0.22 is
suitable to fit the experimental results: i.e. a macro cell current density below 4uA/cm? (Figure 58).
And finally, for the B3-041 concrete, it is necessary to adjust the c,p =0.25 to fit the experimental

results: i.e. a macro cell current density below 0.5puA/cm? (Figure 59).

The change in cathodic Tafel coefficient according to the type of cement and porosity is
coherent with the results from Chalhoub [27]. Chalhoub used Bc,p = 0.115 for CEM | concrete and
found that Bc,p could varied between 0.113 to 0.240 for CEM | cement with a high amount of slag in
substitution of cement (80%) (Figure 67). In our results, we found that 0.22 and 0.25 values need to be
used for respectively B3-15L-051 and B3-041, which corresponds to the interval of values found by
Chalhoub.
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Figure 67 : Cathodic Tafel coefficient according to the availability of oxygen in case of binder with 80% of slag and 20% of
CEM I. (From Chalhoub [27])

In the macro cell process, both anode and cathode are involved. In the case of carbonation-
induced corrosion, there is not only the electrochemical parameters which could have an influence but
also the resistivity. Indeed, anode is necessary in carbonated zone and will exhibit and higher resistivity
than cathode, which is necessary in the non-carbonated zone in the case of macro cell current study.

3.6.2. Macro cell corrosion current in relation to resistivity at the Anode or at the Cathode

Following is the change of resistivity at anode and cathode in simulation. This aims to evaluate

the influence of resistivity on macro cell corrosion.

Case of changing the resistivity of anode with B1-15L-049 concrete is shown in Figure 68.
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Figure 68. Changing in resistivity of the anode in B1-15L-049
From Figure 68, it appears that resistivity at anode as an important effect on the macro cell
current corrosion. For B1-15L-049 concrete, the decrease in macro cell current corrosion corresponds

to 50% reduction between the non-carbonated value (69 €2.m) of resistivity and the carbonated one

(240 Q.m).

Case of changing the resistivity of cathode with B1-15L-049 concrete is shown on Figure 69.
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Figure 69. Changing in resistivity of the cathode in B1-15L-049
From Figure 69, it appears that resistivity at cathode do not play a significant role on the macro

cell current corrosion. For B1-15L-049 concrete, the macro cell current corrosion is almost constant

between the non-carbonated value of resistivity and the carbonated one.

Case of changing the resistivity of anode with B3-15L-051 concrete, is shown Figure 70.

108



CHAPTER Ill. UNIFORM AND MACRO CELL CORROSION IN CARBONATION INDUCED CORROSION

B3-15L-051
5
2 2
*
4,5
= L g
€
<L
5 .
- 2 2
2 2
3,5 L 4
3 T T T T T
200 300 400 500 600 700 800

Resistivity-anode

Figure 70. Changing in resistivity of the anode in B3-15L-051
From Figure 70, it appears that resistivity at anode as an important effect on the macro cell
current corrosion. For B3-15L-051 concrete, the decrease in macro cell current corrosion corresponds
to 1.5 times between the non-carbonated value of resistivity (267 Q2.m) and the carbonated one (800
Q.m).

Case of changing the resistivity of cathode with B3-15L-061 concrete is shown on Figure 71.
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Figure 71. Changing in resistivity of the cathode in B3-15L-051
From Figure 71, it appears that resistivity at cathode do not play a significant role on the macro
cell current corrosion. For B1-15L-049 concrete, the macro cell current corrosion is almost constant

between the non-carbonated value of resistivity and the carbonated one.

Case of changing the resistivity of anode with B3-041 concrete is shown on Figure 72.
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Figure 72. Changing in resistivity of the anode in B3-041

Case of changing the resistivity of cathode with B3-041 concrete is shown on Figure 73.
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Figure 73. Changing in resistivity of the cathode in B3-041
From Figure 72 and Figure 73, it appears that resistivity at anode is more important effect on
the macro cell current corrosion. For B3-041 concrete, it was recorded a decrease in macro cell current
corrosion between the non-carbonated value of resistivity (718 2.m) and the carbonated one (2000

Q.m).

From Figure 73, it appears that resistivity at cathode do not play a significant role on the macro
cell current corrosion. For B3-041 concrete, the macro cell current corrosion is almost constant

between the non-carbonated value of resistivity and the carbonated one.

It was observed that the change of resistivity in anode have a huge impact on the macro cell

current corrosion which is not the case at cathode.
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From the results of numerical simulation, it allows to highlight why it is important to modify
the cathodic Tafel coefficient according to the change in W/B ratio. Indeed, increasing the resistivity
at the cathode does not allow to reduce the macro cell corrosion current. As a result, it is necessary to
change the cathodic Tafel coefficient to take into account the more difficult access to oxygen for

cathodic reactions in the case of lower porosity at the SCI.

3.6.3. Macro cell corrosion current in relation to cathode-anode ratio (C/A)

Experimental results on macro cell corrosion current were investigated with a C/A ratio of 16.
While it could be the case in case of cracked concrete when depassivation occurs quickly at crack tip,
the on-site C/A in non-cracked area would be not so high. Indeed, because the carbonation front is
quite regular along the concrete surface, carbonation would depassivate a large part of the
reinforcement and then lead to C/A ratio closed to a value of 2 is the reinforcement layout is made of

2 layers.

To investigate the influence of C/A ratio, the length of the cathode was input with several
values: 1cm, 5cm, 10cm, 13cm and 16cm leading to the C/A ratio range from 1 to 16. Figure 74

exhibited the relation between macro cell current and C/A ratio.
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Figure 74. Macro cell corrosion vs cathode-anode ratio

From Figure 74, it appears C/A ratio plays a significant role in the macro cell corrosion process.

Figure 74 shows also the effect of C/A ratio on the macro cell corrosion current. It appears
clearly that the change in C/A ratio do not correspond to a linear law. Many factors could be involved
in this nonlinear process. First of all ,we can think, as show in Chalhoub [222] at the effect of the
cathode-anode distance whereas most distant part of cathode received a limited amounts of current.

Nevertheless, in the numerical model and also in the experimental process, the cathode-anode distant
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is constant for all cathodes since it corresponds to the cover of concrete which is constant for cathode

specimens.

As a result, if it is not an ohmic effect since the anode-cathode distance is the same, then it
could be attributed to the nonlinear behavior in both cathodic and anodic current response to a

polarization.
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Figure 75 : macro cell current versus the C/A ratio for the 3 concretes studied

From Figure 75, it is clear that the resistivity at anode plays a significant role on the macro cell
current whatever the C/A ratio. For B1-15L-049 concrete, the macro cell current for C/A =1 is 13.5

times higher than B1-15L-051 concrete and 165 times higher than B3-041.

Finally, Figure 76 shows the relative change in macro cell current when the C/A ratio change

for the 3 studied concretes.
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Figure 76: Relative change in macro cell current versus C/A ratio for the 3 concretes studied
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From Figure 76, it appears that C/A ratio have a more important relative effect when the
resistivity at the anode is high, which could be a non-intuitive result. Indeed, for B3-41 concrete with
the higher resistivity at anode (i.e. 2000 Ohm.m), there is an increase in macro cell current of 13 times
when the C/A ratio increase from 1 to 16. On the contrary, for B1-15L-049 concrete with the lower
resistivity at anode (240 Ohm.m), the increase in macro cell current is only 2 times when C/A ratio

increase from 1 to 16.

Finally, if we compare the uniform current recorded experimentally with the macro cell current
calculated in case of C/A ratio= 1 (Figure 77, Figure 78 and Figure 79); it appears that the uniform
current is higher in case of important resistivity (case of B3 concrete). For B1-15L-049 with the lower

resistivity, macro cell corrosion current is still higher to uniform one.
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Figure 77. Compare the uniform current recorded experimentally with the macro cell current calculated in case of C/A ratio=
1 (B1 concrete)
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Figure 78. Compare the uniform current recorded experimentally with the macro cell current calculated in case of C/A ratio=
1(B3-15L-051)
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Figure 79. Compare the uniform current recorded experimentally with the macro cell current calculated in case of C/A ratio=
1(B3-041)
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4. Discussion

The main object of the study was to investigate the two aspects of corrosion involved in the
carbonation of real multi-layer reinforced concrete structures: uniform corrosion and macro cell
corrosion. Three different industrial concretes actually used on site were tested: a CEM | and two CEM
[Il. CEM Il concrete is nowadays the most common concretes currently used for reinforced concrete
structures. Indeed, using CEM Il allows the emission of COzinto the atmosphere to be reduced and
also leads to higher resistivity concretes, which are considered to be more durable. Nevertheless, the
resistance of CEM Ill to carbonation is currently considered to be lowered when the amount of clinker

is reduced [60] so the use of CEM Il in high-carbonate environments could be questionable.

It should be reminded that the carbonation process is not studied: only the corrosion rate is

measured after full carbonation of the steel concrete interface.

From this study, it is possible to highlight some points of discussion. The possibility of
carbonation-induced corrosion should be considered with both uniform and localized or macro cell
corrosion, rather than with only uniform corrosion. Indeed, real reinforced concrete structures use
multi-layers reinforcement framework which lead to the co-existence of passive and depassivated

layers during the corrosion process.

4.1. Corrosion rate

The uniform corrosion rate found in this study is about 1.5 uA/m?2. For the results of this limited
study, the uniform corrosion rate is quite constant whatever the type of cement used and whatever

the w/b ratio.

The macro cell corrosion rates found in this study are varying between 15.5 uA/cm? (average
value for B1- 15L-049), 3.3 uA/cm? (average value for B3-15L-051) and 0.5 uA/cm? (average value for
B3-41). Nevertheless, it corresponds to a high C/A ratio (16).

In practice, in case of a situation with two layers of steel reinforcement, where one is in
carbonate and one not, the C/A ratio will be reduced (C/A =1), then the macro cell corrosion rate will
be reduced. As a result, the macro cell corrosion rates found in this study are varying between 6.6

uA/cm? (for B1- 15L-049), 0.49 pA/cm? (for B3-15L-051) and 0.04 pA/cm? (for B3-41).

The macro cell corrosion current appears to be highly dependent of the resistivity at anode
site. The use of low W/B ratio and CEM IIl cement will lead to weak macro cell corrosion and possibly

neglected macro corrosion current if compare to uniform one.

114



CHAPTER Ill. UNIFORM AND MACRO CELL CORROSION IN CARBONATION INDUCED CORROSION

Nevertheless, in practice, there is also the possibility to have high C/A ratio: for example, for
corrosion in pre-cracked concrete (load-induced cracks, shrinkage cracks etc..) where the carbonation
front reach quickly the rebar at crack tip. Some local lack of concrete cover could also lead to high C/A
ratio since the carbonation front reach only a small area of steel bar at the cover defect. In case of high
C/A ratio, the macro cell corrosion rate could be significant and could not be neglected. As a result, the
use of high resistivity concrete leads to reduce the corrosion rate, by anodic effect, ohmic effect and

also because the mobilizable cathode surface decrease with the increase in resistivity.

4.2. Concrete resistivity before and after carbonation

Carbonation on concrete leads to a significant increase in resistivity of about 3 times. For the
concretes tested the increase in resistivity seems more important when initial resistivity is lower. Such

result was also found in [220].

Uniform corrosion rate does not depend on resistivity. For macro cell corrosion process, the
cathodic reaction occurs in sound concrete zone (non-carbonated) then the resistivity value which
needs to be considered is the one before carbonation. It is the case when dealing with durability
indicator for concrete, such as in the French Perfdub project: indeed, the concrete resistivity

corresponds to the value of sound concrete before carbonation.

4.3. Corrosion environment

In this study, the Relative Humidity RH% at anode corresponds to saturated conditions. Such
saturated conditions could be found on-site, when for example a RC wall or RC floor initially exposed
to dry environment during many years is exposed to water leakage due for example to a damage in
roof waterproofing. Moreover, as shown in a review by Stefanoni et al. [41] the contact with water is

the most aggressive conditions in term of carbonation-induced corrosion.

5. Conclusion

e The uniform corrosion rate does not depend of the concrete resistivity. (Resistivity in this
research varies from 69 to 718 QOm before carbonation and from 240 to 2000 Q2.m after
carbonation)

e The macro cell corrosion rate is highly dependent of the resistivity.

e On-site corrosion rate, which is the sum of the uniform part and the macro cell part, is then
likely to depend of the resistivity of concrete.

e The macro cell corrosion rate is highly dependent of the C/A ratio. In practice, C/A ratio could
be limited or important. In the case of local defects or presence of cracks, the macro cell part

of corrosion rate could be the most important contribution to the total corrosion rate. Without
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local defects, the uniform corrosion current is suitable to be the more important part of
corrosion process. During a corrosion diagnosis on a reinforced concrete structure, it is then
important to take into both local and global phenomena.

The use of CEM Il concrete, which corresponds to high resistivity concrete, leads to a

significant limitation in the macro cell corrosion rate on-site.
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1. Introduction

This chapter aims to study the effect of top-bar casting to carbonation-induced corrosion process
in presence of load-induced cracks. It deals also with the influence of time of wetness on the part of

macro cell current involved in the process of corrosion.

First of all, the detailed material and method related to experiments are introduced. This leads to
several results in the following and the discussion. Finally, conclusions are drawn.
2. Materials and methods
2.1. Process of specimens

The process is illustrated as following (Figure 80).

Accelerated
carbonation

) Crack opening Corrosion
Preparation of _ -3% CO2 . .
samples - Threg points - Wetting/drying
bending test -22°C cycle
-55% RH

Figure 80. Process of reinforced concrete beams

Five concrete beams with dimensions of 150x150x550 mm were prepared. It corresponds to
the same design as the one used by Timhadjelt [53]. Each sample contained two layers of steel bars of
6mm in diameter and 500 mm in length, including two rebars on the top and two rebars at the bottom.
The concrete cover depth was 32 mm. Two control bar 100 mm in length were placed in the central
including one on the left side and one on the right side of the concrete block. The main steel and
control bars were firmly positioned in a special mold with four thin small and pre-perforated wooden

plates (Figure 81).

Top bar
Control bar

Control bar

Bottom bar

Figure 81. Photo of the special mold for casting concrete beam

Two electrical wires (the red line) were welded to upper steel bar (including CH202-top,

CH203-top, CH206-top, CH208-top and CH209-top) and the same connection was applied to the
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bottom steel bars (named CH201-bottom, CH204-bottom, CH205-bottom, CH 207-bottom and CH210-
bottom) in each specimens named Ref 1, Ref 2, Ref 3, Ref 4 and Ref 5, respectively. One side of each
control bar was also link to an electrical wire (the black line). The top bars and control bar were

connected to a resistor calibrated for the measuring of cathodic corrosion current.

Load induced crack Top bar

e
Q
4
=
oq
o — ;
= Ji §
[0) =) b= o S
(@] o ==
5

' ‘ \/

: Control bar
Bottom bar

Figure 82. Description of the concrete beam

The casting direction was subjected from the top steel bar to the bottom steel bar as shown in

Figure 82.

After casting and curing, the reinforced concrete blocks were subjected to crack opening by
using three points bending test (Figure 83). Loading was applied in the middle of the specimens. Cracks
were elaborately controlled during the test. Cracked samples were pre-conditioned before

carbonation.

—e—initial loading
50 7
w0 Vi
N ARy 4

60

loading (kN)

4

0 0,5 1 1,5 2
crack opening (mm)

Figure 83 : cracking process in 3 points-loading

The environmental conditions for accelerated carbonation were chosen at temperature of

25°C and relative humidity of 55% which was indicated to obtain the maximum carbonation rate [42,
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207]. The carbon dioxide concentration was chosen by 3% which both represents the natural

carbonation phenomenon and leads no significant change in the hydrates [52, 207].

After carbonation the specimens were subjected to the corrosion by wetting/drying cycles. In
the experiment, five beams (named Ref 1-5) were applied including the two ones (named Ref 3 and
Ref 4) were recorded corrosion current in about half a year and the three others (named Ref 1, Ref 2

and Ref 5) were carried out in more than one year (Figure 84).

Ref 1

Ref 2

Figure 84. Figure of specimens in TP room

2.2. Material

2.2.1. Concrete

The formulation of the small beams is summarized in Table 14.

Materials Quantity (kg/m?3)
CEM1 52.5R (Le Teil) 514
Sand (NF EN 196-1) 1543
Water 257
Water/cement
0.5

Table 14. Composition of mortar formulation
2.2.2. Reinforcement

Steel used in the research was steel as received without any treatment at the surface.

120



CHAPTER IV. EFFECT OF TOP BAR CASTING ON CARBONATION INDUCED CORROSION IN CONCRETE IN
PRESENCE OF LOAD INDUCED CRACKS

The description of specimens is summarized in Table 15.

Specimens Steel bar and position Duration of the test

CH201-bottom
Ref 1 380 days
CH202-top

CH203-top
Ref 2 380 days
CH204-bottom

CH205-top
Ref 3 160 days
CH206-bottom

CH207-top
Ref 4 160 days
CH208-bottom

CH209-top
Ref 5 380 days
CH210-bottom

Table 15. Summary of specimens
2.3. Methodology of corrosion analysis

The methods for examining corrosion are included visual inspection, gravimetric measurement
and macro cell corrosion current monitoring.

2.3.1. Visual inspection

The object of this step is in order to determine the carbonated interface length and corrosion
products length. The concrete blocks firstly were cut into smaller parts (Figure 85). Each prismatic
sample contained a top or a bottom bar. Afterward the smaller specimens were split into two parts
before extracting the reinforcement. Here the visual inspection was carried out to measure the length
of corrosion products distribution along the steel bar. For each samples the corroded length appearing

on the upper and lower part of steel bar corresponding to the casting direction was measured.
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5 &

15cm

15cm

Figure 85. lllustration of position of the smaller prisms
2.3.2. Gravimetric measurement and corrosion kinetics estimation
2.3.2.1. Gravimetric measurement

After being extracted from the concrete, the reinforcements were carefully cleaned to remove
the corrosion products attached to the steel. Then the loss of mass was measured. The reinforcement
was weighed utilizing a balance with a precision of 0.01 g. The difference between the initial and final
mass (which means the mass before and after being treated, respectively) expressed the steel mass

loss (Am). This value permits to estimate the corrosion kinetics.

2.3.2.2. Corrosion kinetics estimation

The corrosion product layer in carbonation induced corrosion is supposed to be homogenous
and the thickness of the steel lost (Ts) could be considered uniform along the corroded length (Lg) on
the surface corroded (Ss). Therefore the volume of steel loss (V) is determined (Equation 9). Sy is
calculated using Equation 10 knowing diameter of steel bar by 6 mm. The volume of steel loss (V) is
defined in Equation 11 using the loss of mass and density of steel by 7860 kg/m3(ps). Then the thickness

of steel loss could be obtained from the Equation 12.

Vo =Sax Ty (m3) Equation 9
S=18.85xLg (m?) Equation 10
m
Vo=—— (m3) Equation 11
Ps
Am
Tg=——""— (m) Equation 12
ps x SsI

The kinetics of corrosion then is calculated as this following equation:
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Tsl
Corrosion kinetics = x 12 (um/year Equation 13
corrosion duration (ll /y ) a

2.3.3. Corrosion current monitoring

As illustrated in Figure 82, the two top bars and a steel coupon were connected to a resistor
calibrated and the voltage (V) across the resistor is read. The value of resistance (R) was known leading

to calculate the current corrosion by using the Ohm’s law (Equation 14):

%4

| measured current = E Equation 14

The resistance of the shunt is low (150 Q) compared to the resistance of the steel coupon and
do not modify the corrosion current received by the steel coupon (the result will be introduced in
following section). However this value does not represent to the total macro cell corrosion current and
it is necessary to modify using a ratio between the total electrical charge and the measured current

(Equation 15, Equation 16).
total electrical charge = ratio X i measured current Equation 15

I total electrical charge (simulation)
I simulation

Ratio = Equation 16

For this, The COMSOL Multiphysics software, based on the Finite Element Method (FEM) was
utilized to obtain this value. The numerical simulation was governed by the local Ohm’s law (Equation

17) and electric charge conservation (Equation 18).

1
i=—=V£ Equation 17

Vi=0 Equation 18

Where:

- Eis the potential field (V)
- iisthe local current density vector (A/m?)

- pisthe electrical resistivity (Q.m)

The steel-concrete interface for both active and passive steel was modeled according to the
Butler—Volmer kinetics with their respective parameters as presented in Equation 19 and Equation 20.

log(10)(E, — Emya) —log(10)(E, — Emma)

I =i exp —exp Equation 19

corr,a corr,a ﬂ ﬂ
a,a c,a
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Where:

Where:

Where:

corr,p) corr,p)

| . log(10)(E, - E —log(10)(E, -E
corr,p = Icorr,p eXp ﬂ —exp ﬁ
a,p ¢.p

Equation 20

lcorr.a @and lcorrp (A/m?) are the corrosion currents following through the steel concrete interface
for active and passive steel, respectively.

icorra and icorrp (A/m?) are the corrosion current density values at active steel and passive steel,
respectively.

E.and E, (V) are are polarization potential for both steel rebars, respectively.

Ecorra and Ecorrp (V/ref) are the corrosion potential values at active steel and passive steel,

respectively.

ﬂayaand ,Ba,p (V/dec) are the is the anodic Tafel slope at active steel and passive steel,

respectively.

,chaand ﬂcyp (V/dec) are the is the cathodic Tafel slope at active steel and passive steel,

respectively.

The loss of mass can estimated using this equation:

CxMg, ,
m= Equation 21
2F
Am is the loss of mass
Cis cumulative charge
M. is the atomic molar mass of the Fe?* ion (55.844 g/mol)
F is Faraday’s constant (96500 C x mol?)
Cis calculated as following:
i=]
C= Zi:o leurrent X (6=t 1) Equation 22

tyand t .1 is time interval

| current is the measured value from current monitoring (pA)

2.3.3.1. Measurement for electrical resistance
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The measurement for electrical resistance is based on the method described in RILEM TC 154-
EMC [226].Each specimen sliced is located between 2 stainless steel grids which are connected to the
terminal of the ohmmeter Omega Q. Wet sponge is also placed between the sliced concrete and the
grids during the measurement. This is to promote electrical coupling. The ohmmeter displays the
average value of electrical resistance obtained. The electrical resistance is then transformed into

electrical resistivity which is calculated as follows:

N .
p=R X Equation 23
Where:

- pisthe electrical resistivity of the material (Q.m)
- Risthe measured electrical resistance (Q)
- Sisthe section of the sample (m2)

- Listhe length of the sample (m)

2.3.3.2. Electrochemical parameters for the model

Based on the result obtained in Chapter 3, the electrochemical parameters used in the
numerical simulation are presented in Table 16. The values of parameters correspond to the ones of

sample B1 since it is a CEM | cement.

Corrosion parameter Active steel Passive steel
Ecorr (V) -0.5 -0.15
icorr (A/mM?) 0.015 0.001
Ba(V/dec) 0.125 0.4
Be (V/dec) 0.136 0.15
Rho (Ohm.m) 425

Table 16. Electrochemical parameters

The resistivity was measured at the end of the study and corresponds to a value of 425 Ohm.m,
which is quite high but corresponds to a relatively unsaturated specimen due to the dry environment:
storage in the lab without wetting (only in the crack path). Nevertheless, a parametric study will be
presented to see the effect of the resistivity on the corrosion current: between 50 Ohm.m to 500

Ohm.m.

2.3.3.3. Geometry of the model
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The loaded induced crack is modeled through a virtual crack represented by the volume
between two planes. It is important to model the load-induced crack to be able to have a good
representation of the macro cell corrosion current in the sample. Indeed, due to the lower resistivity
(or higher conductivity) of water in comparison with the concrete, the crack path (when filled by water)

is a preferential path for ionic current.

As a result, a comparison is proposed between a numerical model with or without crack.

0.2

L. -

. |
o E | f - .93 ° ' o i o
== . % ° _— = X 0
Figure 86 : numerical model with crack filled by water Figure 87 : numerical model without crack

Figure 86 shows the model with a crack which is simulated by two parallel planes. Figure 87

shows the model without crack.

Streamline: Current density Streamline: Current density

04 0.05 0.4
m

Figure 88 : numerical model with crack filled by water Figure 89 : numerical model without crack

Streamline: Current density Streamline: Current density

0.4 0.05 0.4 0.05

0.2 — 0.2

Figure 90 : numerical model with crack filled by water Figure 91 : numerical model without crack
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In the presence of crack filled by water, there is a preferential path for ionic current which
could distribute more easily in the concrete volume as show in Figure 88, Figure 89, Figure 90 and

Figure 91.
3. Results and discussion
3.1. Visual inspection

3.1.1. Measuring the carbonation at steel concrete interface

Phenolphthalein pH indicator test was used to determine the carbonated length. After the
carbonated sample was split into two parts, it was sprayed on the concrete surface with a solution of
phenolphthalein. The change of color on the surface indicated the level of carbonation. In carbonated
zone (pH<9-10) the color is observed colorless while in non-carbonated zone (pH>9-10) the color

becomes purple.

3.1.2. Top bar effect

These following figures exhibit the photographs of the tested interface after spraying
phenolphthalein solution and measuring the carbonated length. Each specimen included two tops and
two bottom bars and their names were completed by number 1 or 2, to separate the steel bar in the

visual inspections as well as gravimetric measurement.
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Concrete beam Refl:

Figure 92. Carbonation of sample CH202-top-1 Figure 93. Carbonation of sample CH201-bottom-1
Carbonated length of the upper part is 15 cm. Carbonated length of the upper part is 7 cm.
Corrosion length is 9.5 cm Corrosion length is 5 cm

Figure 94. Carbonation of sample CH202-top-2 Figure 95. Carbonation of sample CH201-bottom-2
Carbonated length of the upper part is 10.5 cm. Carbonation of the upper part is 3 cm.
Corrosion length is 10 cm Corrosion length is 2.5 cm
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Concrete beam Ref2:

Figure 96. Sample CH203-top-1 after being split Figure 97. Carbonation of sample CH204-bottom-1
Carbonated length of the upper part is 8 cm. Carbonated of the lower part is 3 cm.

Corrosion length is 7 cm Corrosion length is 2.5 cm

Figure 98. Carbonation of sample CH203-top- 2 Figure 99. Carbonation of sample CH204-bottom-2
Carbonated length of the upper part is 8 cm. Carbonated part of the lower part is 5 cm.
Corrosion length is 7 cm Corrosion length is 3.5 cm
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Concrete beam Ref 3:

Figure 100. Carbonation of sample CH206- top-1 Figure 101. Carbonation of sample CH205- bottom-1
Carbonated length of the lower part is 18cm. Carbonated length of the upper part is 14cm.
Corrosion length is 15.5 cm. Corrosion length is 11.5 cm.

Figure 102. Carbonation of sample CH206- top-2 Figure 103. Carbonation of sample CH205- bottom- 2
Carbonated length of the lower part is 18cm. Carbonated length of the upper part is 5 cm.
Corrosion length is 11.5 cm. Corrosion length is 5 cm.
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Concrete beam Ref 4:

Figure 104. Carbonation of sample CH208- top- 2 Figure 105. Carbonation of sample CH207- bottom- 1
Carbonated length of the upper part is 7 cm. Carbonated length of the upper part is 3 cm.
Corrosion length is 10 cm. Corrosion length is 3 cm.

Figure 106. Carbonation of sample CH208- top- 1 Figure 107. Carbonation of sample CH207- bottom- 2
Carbonated length of the upper part is 9 cm. Carbonated length of the lower part is 4 cm.
Corrosion length is 9 cm. Corrosion length is 4 cm.
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Concrete beam Ref 5:

Figure 108. Carbonation of sample CH209- top- 2 Figure 109. Carbonation of sample CH10- bottom- 2
Carbonated length of the upper part is 6 cm. Carbonated of the upper part is 4 cm.
Carbonated length of the lower part is 11 cm. Corrosion length is 4 cm.

Corrosion length is 7 cm.

Lower 'side

Figure 110. Carbonation of sample CH209- top- 1 Figure 111. Carbonation of sample CH210- bottom- 1
Carbonated length of the upper part is 7 cm. Carbonated of the lower part is 5.5 cm.
Carbonated length of the lower part is 11 cm. Corrosion length is 5.5 cm.

Corrosion length is 7 cm.

The length of carbonation and corrosion are presented in these following charts (Figure 112

and Figure 113).
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Figure 112. Carbonation and corrosion length in the steel bars
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Figure 113. Length of carbonation and corrosion in the case of top bar and bottom bar

These figures show that the length of carbonation measured in the top bar is general much
higher than the carbonated length in the bottom bar with all the concrete beams. This is suggested
that more carbon dioxide spread along the top bars than along the bottom bars. The same observation
was also found in other researches [2, 53]. In addition, if we take a look at the upper and lower side of
one reinforcement, it was found a higher carbonation length along the lower side than along the upper
side, for example the case ref 5 (Figure 114). During the three points bending test, the width of crack
on the upper side was bigger than on the lower side or in the other words there was more mechanical

damage on the upper surface than on the lower surface. Nevertheless, the carbonated length was
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recorded longer in the bottom side than in the top side. This is due to the top bar effect. The reason
is that the settlement and water bleeding caused to the presence of defects and voids in the lower of
steel bar which facilitate the propagation of carbon dioxide. Also is a difference in porosity at the steel

concrete interface between top and bottom part of the bar [41].
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Figure 114. Carbonated side length of ref 5

It is also noted that in the three points bending test, the width of mechanical crack was greater
with the upper steel bars than with the lower steel bars, which results a more significant mechanical
damage in the steel concrete interface of the upper rebar than in the surface of the lower rebar. In
addition, the concrete beams were in the same condition of preparing as well as experiments process.
Indeed, the widths of crack obtained are in the range from 500 to 570um. This should have leaded to
a similar carbonation length with the group of top bars and group of bottom bar. However, it is not the
case. For example the carbonated length on the lower side of upper reinforcements in Ref 3 (Figure
100, Figure 102) was found about 1.5 times higher in compare to the lower side of upper steel bars in
ref 5 (Figure 108, Figure 110). This means that the steel concrete interface is more likely to play an
essential role in this case. A higher quality of surface corresponds to a lower of carbonated length.
Indeed, if we observe the samples containing longer carbonation track, for example ref 1 (Figure 92)
and ref 3 (Figure 102) it can be seen a high density of void defects in the location of carbonated

concrete.

When recording the presence of corrosion products, the corrosion length of upper steel bar was
found always higher than the value of lower rebar. With bottom bar, the corrosion length is from 1.5
cm to 5.5 cm except a steel bar in concrete ref 3 (Figure 101) with a higher value (11.5cm). Corrosion
existed in the location of carbonated concrete. Nevertheless, corrosion was also found even when the

concrete had not completely carbonated in ref 4 (Figure 104).
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difference between carbonated and corroded difference between carbonated and corroded
length- top bar 6 - length- bottom bar

cm

Figure 115. Difference between carbonated length and corroded length
It is worth noting that there is an important difference in carbonated length between top and
bottom bars as seen on ref 3 sample (Figure 116 and Figure 117). But it is also interesting to notice
than in the case of top bar there is also a penetration of carbonation front perpendicularly to the bar
direction (Figure 116). This result is significant of a more porous concrete and also an easier access to

CO; along the steel concrete interface.

Figure 116 : Carbonation along top bar for ref 3 sample Figure 117 : Carbonation along bottom bar of ref 3
sample

3.2. Gravimetric measurement
At the end of the experiments, the loss of mass of steel bars was determined from gravimetric

measurement.

e Inthe case of samples with measurement duration of 160 days:
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Figure 119. The loss of mass of ref 1, ref 2 and ref 5

From Figure 118 and Figure 119, it appears that the loss of mass measured by gravimetric are not
very different according to the duration of the experiments (160 or 380 days). In fact, the difference
between the loss of mass of 2 samples, ref 3 and ref 4 is around twice for duration of 160 days, and
the difference between ref 1 and ref 2 is also around twice for duration of 380 days. On the contrary,
there is almost no difference between ref 1 and ref 3 in loss of mass, despite duration, respectively, of
380 and 160 days. As a result, the scatter between 2 samples could be comparable to the effect of a
double duration of aging. On one way, it confirms that corrosion has a part of stochastic process, and

on other way, it would be difficult to draw conclusions by comparing the behavior of all samples.

3.3. Corrosion current monitoring

The numerical simulation is used, firstly, to validate the use of the value of the shunt resistance to
measure the macro cell current. Then secondly, the numerical simulation will be used to calculate the
ratio between the macro cell current measured by the steel coupon versus the total macro cell

corrosion current. Finally, the effect of drying of the path crack will be also studied numerically.

3.3.1. Numerical simulation to validate the use of the shunt resistance for the

measurement of the cathodic corrosion current of the steel coupon
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To validate the use of the shunt resistance, a parametric study is done. Firstly, with different values
of length of anode site on both rebar, where the different length included 13.2mm, 26.5mm, 53mm,
106mm, 160mm and 212mm. Secondly, different resistivities of concrete are tested since the

resistivity is an aging characteristic.
The concrete resistivity was measured at the beginning and at the end of the test.

At the beginning of the test, the resistivity is around 150 Q.m and increase according to the aging
of the specimen due to the exposition in dry condition. At the end of the test, because of the
environmental condition, i.e. exposure in the lab without any wetting, the resistivity of concrete is high

> 400 Q.m.
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Figure 120. Evolution of the electrical resistance of the metallic coupon in relation to the concrete resistivity and for 6
different lengths of the anodic site.

The electrical resistance of the metallic coupon is increasing linearly with the concrete resistivity.
The electrical resistance of the metallic coupon decreases when the anodic site length increase (Figure

120). On the contrary and obviously, the electrical resistance of the shunt is constant (150 Q).

For a low concrete resistivity, the ratio between the steel coupon resistance and the shunt
resistance is higher than 10 for a length of anodic site below 50 mm. With the increase in resistivity
with time, the ratio increase. As a result, even for a length of anodic site of 212 mm, the ratio between
the coupon resistance and the shunt resistance is higher than 28 for a concrete resistivity of 425

Ohm.m (Figure 121).
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Figure 121: Evolution of the electrical resistance of the metallic coupon in relation to the length of the anodic site

It appears that the resistance of the shunt used to measure the cathodic current between the
metallic coupon and the anodic site, is always neglectable according to the electrical resistance of the

metallic coupon. It is always at least below 10 %, even at the beginning of the test.

As a result, the part of macro cell measured by the metallic coupon is not affected by the value of

shunt resistance used in the experimental protocol.

3.3.2. Numerical simulation to calculate the ratio between the parts of macro cell cathodic
current measure by the steel coupon over the total macro cell current
The effect of the presence of the crack or not in the modeling is studied. The length of the anodic

site is also studied since it changes the value of C/A ratio.

3.3.2.1. Comparison between corrosion current with or without the presence of the
crack in the model
The comparison between the corrosion current in case of the presence or not of the crack path is

studied for only one anodic site length: 13.2 mm.

For an anodic length of 13.2 mm, the corrosion current for a concrete resistivity of 425 Ohm.m is
65 % higher in the case of the presence of crack than without crack: 83 pA vs 47 pA. Because of the
preferential path for ionic current in case of the presence of a crack filled by water, there is an increase

in the corrosion current for a given size of the anodic length (Figure 122). Because of this important
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difference between sound concrete and cracked concrete, it is decided for the following modeling to
take into account the crack path, which is supposed fill by water. The effect of drying will be studied

later.
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Figure 122 : Difference in corrosion current between the model with or without crack filled by water for an anodic length of

13.2 mm

3.3.2.2. Influence of the length of the anodic sites on the corrosion current and the
ratio between the total corrosion current and the cathodic part of current
measured of the steel coupon
The size of the anodic site depends of the location of the rebar: top or bottom part of the concrete

sample according to the casting direction.

Experimental results show a large set of values for the size of the anodic site. To be able to calculate
the total corrosion current based of on the measurement of the cathodic current on the steel coupon,
it is necessary to study the effect of the size of anodic length of the corrosion current and on the ratio

between total corrosion current and cathodic part of current measured of the steel coupon.

Different sizes of the anodic site are studied: 13.2 mm; 26.5 mm, 53 mm; 106 mm, 160 mm, 212

mm and 477 mm.

e Effect of resistivity on the corrosion current and the ratio k between the total corrosion current

over the cathodic current measured by the steel coupon.

Concrete resistivity has a huge impact of the macro-cell corrosion current. This is not a linear

variation because of the non-linearity of electrochemical response. Figure 123 and Figure 124 show,
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respectively, the decrease in total macro cell corrosion current or in cathodic current recorded by the

metallic coupon in relation to the increase in concrete resistivity.
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Figure 123 : Evolution of the total corrosion current in relation to the resistivity of concrete

It is interesting to notice that the value predicted by the numerical model for the cathodic current
measured by the steel coupon (Figure 124): about 5 pA for a resistivity of 425 Ohm.m is quite
comparable with the peak value of the sample “CH205” (Figure 125), which means that the model,
without any fitting coefficient, is able to catch the macro-cell corrosion behavior of carbonated

samples when the crack path is filled by water.
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Figure 124 : Evolution of the cathodic current measured by the steel coupon in relation to the concrete resistivity
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Figure 125 : Experimental cathodic current variation versus time for sample (CH205)
It is possible to calculate the ratio k between the total macro-cell corrosion current over the

cathodic part measured by the steel coupon. It appears clearly on Figure 126 that the k coefficient is

impacted by the resistivity and increases when resistivity increased.

For the resistivity measured at the end of the testing, the k coefficient appears to be closed to 15
for the lower length of anodic site. When the length of anodic site increase, the k ratio decreases to

reach a value of 8.
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Figure 126 : evolution of the ratio k between total macro-cell current and cathodic part measured by the steel coupon in
relation to resistivity for different anodic size

e Effect of anodic size length on the corrosion current and the ratio k between the total

corrosion current over the cathodic current measured by the steel coupon.
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The size of the anodic length has an influence of the k ratio between the total macro-cell current

over the cathodic part measured by the steel coupon, since it changes the ratio C/A (Cathode/Anode).

Figure 127 shows the evolution of k coefficient according to the length of anodic site. The k ratio
decreases when anodic sites size increase because of the reduction of the C/A ratio. It is quite

interesting to notice that there is no effect of the presence of a crack or not in the k evolution.

The k evolution versus the anodic site length is quite important and the change in k coefficient will
be taken into account to predict the total corrosion current for the different samples tested: bottom

or top bars.
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Figure 127 : evolution of k ratio in relation to the anodic length

As a result, the experimental macro cell corrosion current will be calculated with the following k

ratio which is extrapolated from Figure 127 as in following Table 17:
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Steel bar Anodic length (cm) k ratio
CH202- top-1 9.5 12.8
CH202- top-2 10 12.7

CH201-bottom-1 5 14.8
CH201- bottom-2 25 15.5
CH203- top-1 7 14
CH203-top-2 7 14
CH204-bottom-1 25 15.5
CH204- bottom-2 3.5 15.3
CH206- top-1 15.5 10.5
CH206- top-2 11.5 12.2
CH205- bottom-1 11.5 12.2
CH205-bottom-2 5 14.8
CH208- top- 1 9 13.3
CH208- top- 2 10 12.7
CH207- bottom- 1 3 154
CH207- bottom- 2 4 15.3
CH209- top- 1 7 14
CH209- top- 2 7 14
CH210- bottom- 1 5.5 14.7
CH210- bottom- 2 4 15.3

Table 17. K coefficient of steel bar
3.3.2.3. Macro-cell current during the drying of the load-induced crack

During the measurement of the cathodic current on the steel coupon, it appears that a peak value
is followed by a decrease with time, and then a new peak appears for the following wetting to the

crack path as shown on Figure 125 and Figure 130.
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An example of zoom around on peak is also proposed in Figure 128 : it appears clearly that after
wetting there is an instantaneous increase in macro cell current, then follow by a kind of plateau, then
a very progressive decrease which could be attributed to the drying process in the crack path. It is
worth noting that the plateau is longer in case of bottom bar where the crack path is smaller than the
drying process would take more time. A similar observation could be found in [227] and authors
propose that the current decay could followed an exponential behavior. The curved was fitted (Figure

129) by applying this equation proposed in [227]:
I=lox e Equation 24

Where:

- lo: the peak macro-cell current

- a:constant ( 0.012 for 40% RH and 0.006 for 75% RH)
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Figure 128 : Macro cell current around a peak for both top and bottom bars on less than 1 day
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Figure 129. Fitting the curve of current
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To have a better understanding of this phenomenon, a modeling of the desaturation of the crack

path, after wetting, in relation to time is proposed.
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Figure 130 : Evolution of the cathodic current measured by the coupon as a function of time: each wetting corresponds to

peak value.

The numerical calculation of the effect of drying in crack path is only done for one layer of rebar
since there is no difference for the modeling approach between top and bottom bars: the crack path

is modeled by two parallel surfaces.

We consider that the desaturation of the crack is less pronounced at the vicinity of the steel bar
due to the fact that the crack path is change closed to the rebar. Indeed, as shown by x-Ray tomography
in [3] the main crack is divided in a set of smaller cracks closed to the rebar (branching due to the
presence of ribs on the rebar). As a result, the desaturation of smaller cracks is delayed in comparison

with a large crack.

The model consists than to reduce the size of the crack filled by water in the vicinity of crack as

shown in Figure 131.
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Figure 131 : progressive drying of the crack versus time

The reduction of the size of the crack surface filled with water reduced the availability of spreading
ionic current in the sample as shown in Figure 132 for the total corrosion current, or in Figure 133 for

the cathodic current measured by the steel coupon.
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Figure 132 : anodic current distribution versus the drying of the crack

Because of lower resistivity of water in the crack path, the ionic current spread in the whole

crack path fill by water to then diffuse in the concrete (Figure 132).
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Figure 133 : Cathodic current distribution on the steel coupon versus the drying of the crack

In Figure 133, only the part of cathodic current flux generated by the metallic coupon is shown.

Finally, there is a decrease in the corrosion current versus the desaturation time which is shown

on Figure 134.
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Figure 134 : Decrease of the cathodic current measured by the coupon as a function of desaturation time

Comparison between the real behavior (Figure 130) and the simulated one (Figure 134) is quite
notable and shows that the peak values, experimentally recorded, corresponds to a full wetting of the

crack path and the decrease in current is due to the desaturation of crack.

It is interesting to notice that the k ratio is not affected by the desaturation process as shown in
Figure 135. This result allows calculate the total corrosion current by multiplying the cathodic current

by a single coefficient versus time.
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Figure 135 : Evolution of k ratio versus the desaturation time

The effect of desaturation of the crack path versus time allows also to predict the corrosion

behavior in the case of a permanently cracks filled by water (Figure 136).
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Figure 136 : Visualization of the cathodic current variation with time in case of permanently crack filled by water.

Itis then possible to see that cracks permanently filled by water increased the macro-cell corrosion
process, and it is also possible to see that there is a continuous decrease in the cathodic current versus
time, but that this cathodic current cannot be considered as neglected for all the duration of the

testing.

Based on the results shown in Figure 134, it is possible to consider that the difference in macro cell

current between a permanently wet crack path and a wetting-drying cycle of 1 day is 3.5/1.25 = 2.8.

On Figure 136, it is possible to see that there is a decrease in corrosion macro-cell current during
the test but there is still a non-neglected macro cell current at the end of the testing.
3.3.2.4. Macro-cell current and density according to the length of the anodic zone

The length of anodic zone is highly influence by the quality of concrete at the steel concrete
interface. For top bars, the quality is poorer and leads to an increase of the anodic length at the level

of the load-induced cracks.

The numerical model allows predict the corrosion current and the macro cell corrosion current

density (or corrosion rate) according to the anodic length.
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corrosion current versus anodic length
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Figure 137 : macro cell corrosion current and corrosion rate according the length of the anodic site
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Figure 138 : Macro cell corrosion current and corrosion rate according to the ratio C/A
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According to Figure 137 and Figure 138, it appears that the macro cell corrosion rate is highly

dependent of the anodic site length and then C/A ratio. It is quite interesting to see that the values

predict by the model are quite comparable with those found in chapter 3 for the CEM | concrete (i.e.

around 6pA/cm?) (Figure 77) if we consider the effect of the resistivity. Indeed, for low C/A ratio the

macro cell corrosion rate is close to 2uA/cm? (Figure 138) but with a resistivity which is higher than the

one on the CEM | concrete in chapter 3.

3.3.3. Results from corrosion current monitoring

The measured current during time is shown on the following pictures. Figure 139 and Figure 140

show respectively the macro cell current recorded by the metallic coupon and the total macro cell

current calculated according to the k ratio (Table 17) for the specimen refl. This specimen was

subjected to wetting and drying cycles for 380 days.
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Figure 139. Evolution of | coupon during time of ref 1
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Figure 140. Evolution of global current during time of ref 1

From the value of total macro cell current, it is possible to calculate the cumulated electrical charge

(Figure 141).
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Figure 141. Cumulative electrical charge of ref 1

The cumulative electrical charge is higher for top bar than for bottom bar despite the fact that the
C/A ratio is higher for bottom bar than top bar. For the sample ref 1, it appears that there is no change
in the slope of cumulative electrical charge for top bar, but there is a decrease in slope for bottom bars
at about 200 days (Figure 141). The decrease in cumulative electrical charge for bottom bar could be
associated to an induction phase (or dormant phase) in the corrosion phenomenological process. It is
then coherent with the results of Ghantous [2]and Timhadjelt [53] for reinforcing bars not affected by

top-bar effect.

Figure 142 and Figure 143 show respectively the macro cell current recorded by the metallic
coupon and the total macro cell current calculated according to the k ratio (Table 17) for the specimen

ref2. This specimen was subjected to wetting and drying cycles for 380 days.
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Figure 142. Evolution of | coupon during time of ref 2
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Figure 143. Evolution of global current during time of ref 2

From the value of total macro cell current, it is possible to calculate the cumulated electrical charge

(Figure 144).
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Figure 144. Cumulative electrical charge of ref 2

As in the case of ref 1 specimen, the cumulative electrical charge is higher for top bar than for
bottom bar. Similarly, also with specimen ref 1, there is a decrease in cumulative electrical charge for
bottom bar (around 200 days) which could be associated to an induction phase (or dormant phase) in
the corrosion phenomenological process. For top bar, it seems also that there is a decrease in the slope

of cumulative charge (around 200 days) which could indicate the beginning a dormant phase.

Figure 145 and Figure 146 show respectively the macro cell current recorded by the metallic
coupon and the total macro cell current calculated according to the k ratio (Table 17) for the specimen

ref3. This specimen was subjected to wetting and drying cycles for 160 days.
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Figure 145. Evolution of | coupon during time of ref 3
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Figure 146. Evolution of global current during time of ref 3
From the value of total macro cell current, it is possible to calculate the cumulated electrical charge

(Figure 147).

For sample ref 3, it is worth noting that the length of carbonated zone and then corroded zone is
important for the bottom bars: it corresponds to the value of top bars for other specimens (Figure

112). As a result, it is not surprising that the macro cell corrosion current versus time for bottom bars

is not so different of the one recorded on the top bars.
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Figure 147. Cumulative electrical charge of ref 3
For specimen ref 3, and despite a change in slope at about 25 days, the cumulative electrical charge

for bottom bar and top bar is quite linear. It is difficult to compare with the behavior of ref 1 and ref

2, since the change in slope for cumulative charge was after 200 days, which is more important that

the total duration of the test for ref 3.
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Figure 148 and Figure 149 show respectively the macro cell current recorded by the metallic
coupon and the total macro cell current calculated according to the k ratio (Table 17) for the specimen

ref4. This specimen was subjected to wetting and drying cycles for 160 days as specimen ref 3.
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Figure 148. Evolution of | coupon during time of ref 4
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Figure 149. Evolution of global current during time of ref 4

From the value of total macro cell current, it is possible to calculate the cumulated electrical charge

(Figure 150).
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Figure 150. Cumulative electrical charge of ref 4

Similarly, to specimen ref 3, ref 4 shows a change in slope at about 25 days, but after that the
cumulative electrical charge for bottom bar and top bar is quite linear. On contrary to ref 3 specimen,

the cumulative charge for bottom bar is significantly weaker than top bar.

Finally, Figure 151 and Figure 152 show respectively the macro cell current recorded by the metallic
coupon and the total macro cell current calculated according to the k ratio (Table 17) for the

specimen ref5. This specimen was subjected to wetting and drying cycles for 380 days as ref 1 and ref

2 specimens.

I pA) instant current

—=—CH209-top —=—CH210-bottom

time(day)

Figure 151. Evolution of | coupon during time of ref 5
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Figure 152. Evolution of global current during time of ref 5

From the value of total macro cell current, it is possible to calculate the cumulated electrical charge

(Figure 153).

cumulative charge —s— CH209-top —s—(CH210-bottom

cumulative charge (C)

time (day)

Figure 153. Cumulative electrical charge of ref 5

For ref 5 specimen, the cumulative electrical charge is significantly higher for top bar than for
bottom bar. Similarly, also with specimen ref 2, there is a decrease in cumulative electrical charge for
top bar which could be associated to an induction phase (or dormant phase) in the corrosion
phenomenological process. Nevertheless, it seems that the change in slope correspond to a duration
about 120 days for the top bar. For the bottom bar, the slope is always weak and is comparable with

the slope of ref 2 during the induction phase.

From the cumulative electrical charge, the loss of steel mass was calculated according to Faraday’s
law as in Equation 21. The evolution of the mass of loss of steel bars in concrete beams then was

performed in Figure 154 and Figure 155, for respectively the test duration of 380 days and 60 days.
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Figure 154. Evolution of loss of mass as a function of time (ref1,2 and 5)
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Figure 155. Evolution of loss of mass as a function of time (Ref 3 and 4)

As described by Francois et al. [19], the phenomenological process of corrosion in case of load-

induced cracked concrete could be divided in 4 stages (Figure 156):

e Incubation: time for depassivation of re-bars at crack tip = here it is a short period: 1 wetting-
drying cycle

e |nitiation: corrosion have started at the crack tip and along the damage zone along the SCI

e Incubation: corrosion kinetic decreased = could be link to healing of the load-induced cracks
or damage zone of SCI by corrosion products

e Propagation: corrosion re-starts; after a given time in propagation period there is the
appearance of corrosion-induced cracks = in this case, corrosion process change since there
is a mixed between corrosion in concrete and atmospheric corrosion (zones in front of load-

induced cracks including further delamination).
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Figure 156 : Corrosion phenomenological process for both cracked or un-cracked reinforced concrete adapted from Frangois
etal. [19]

By comparing Figure 154 to Figure 156, it is clear that all the rebars except CH 202, are in the so-
called induction phase. The corrosion kinetic is not null but is quite weak, which correspond to a
dormant phase. Moreover, no corrosion-induced cracks were visible of the concrete surface of all

samples during the full duration of the experiments.

By comparing Figure 155 to Figure 156, it seems that two re-bars, CH 205 and CH 206, are still in
the initiation stage while for the two others rebars, CH 207 and CH 208, the corrosion kinetic is already
weak and representative of a dormant phase. We could probably expect that the induction phase

would be visible if the experiments were longer as it is the case for the samples shown in Figure 154.

As a result, it seems that top bar effect does not lead to an absence of induction (or dormant)
phase in the corrosion process at load-induced crack location. Of course, there is one top re-bar which

do not exhibit a dormant phase but it could be considered as an exception.

This result could be quite surprising, but in Figure 156, the corrosion phenomenological model do
not proposed an absence of induction phase in case of SCI defect (such as top bar effect) but a
reduction of the duration of induction phase: probably the experimental duration is not enough to

have a conclusion on this phenomenon.

As shown in the Figure 154 and Figure 155, the iron mass loss is always higher for the top bars than

the bottom bars.

Comparison between the loss of mass calculated in current measurement and the loss of mass

from gravimetric can be seen in Figure 157.
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Figure 157. Loss of mass from current measurement and gravimetric

It is observed that the loss of mass measured in current monitoring method exhibited a
significantly lower value than the one determined by gravimetric measurement. It is probably due to

the fact that the wet period duration is small in comparison with the dry period duration.

The comparison between the loss of mass due to macro cell (current measurement) and the loss
of mass due to macro cell and uniform corrosion (in gravimetric measurement) is showed in this

following picture (Figure 158).

M loss of mass due to marco cell and uniform M loss of mass due to macro cell
1200 +
1000 -
& 800 -
=
® 600 -
€
© 400 -
a
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o~ N3 & & & & & & ~ &
> WV V S ) O X W V >0
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Figure 158. Comparison between loss of mass due to macro cell and uniform and loss of mass due to macro cell

The ratio between uniform and macro cell can be seen in Figure 159.
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Figure 159. Ratio of uniform and macro cell

It was observed that for some samples macro cell plays a very small part (eg CH210- bottom, CH
208 top or CH 206-top) corresponding to very high ratio between uniform and macro cell (more than
20 times) while other samples (eg CH 205 bottom, CH 201 bottom or CH 204 bottom) showed a lower

ratio (approximately 5 or 6 times).

It is worth noting that if the wetting exposure is longer, the role of macro cell then is more
important. We have shown previously that without drying in the crack path, the macro cell would be
almost 3 times higher (Figure 134). Then a comparison between uniform corrosion and 3 times macro
cell corrosion is performed to simulate the case of permanent wetting of the crack as in Figure 160. A
shown in Figure 160, a decrease of the ratio between uniform and macro cell was recorded and for
some samples (eg in CH 201, 202, 203, 204 and 205 bottom) the ratio could be below 2 times and even

macro cell current could be higher than uniform corrosion current (specimen CH 205 bottom).

uniform/macro cell ratio 7.8
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% £ 2 % %, 0 % 2 % %
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Figure 160. Ratio of uniform and macro cell in case of permanent wetting of the crack

By using Equation 13, corrosion kinetics was calculated in Figure 161 (for a duration about a year)

and in Figure 162 (for a duration about six months).
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Figure 161. Corrosion kinetic in one year
For a corrosion period of 1 year (Figure 161), it appears that the corrosion kinetic found by
Ghantous [2] is weaker that those we calculated. The value could be closed (CH203 — but it corresponds
to top bar with longer corrosion length) but it is generally to a value twice the one found by Ghantous
[2] in case of bottom bars. This difference could be linked to the fact that in Ghantous the wetting-
drying cycle is 3 days, and in our case the wetting-drying is daily for the first 6 months and twice a day
for the last 6 months.
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Figure 162. Corrosion kinetic in six months

For a corrosion period of six months year (Figure 162), it appears that the corrosion kinetic found
by Ghantous [2] is weaker that those we calculated. The value could be closed (CH 205) but it
corresponds generally to a value twice or three times the one found by Ghantous [2] in case of bottom
bars. This difference could be linked to the fact that in Ghantous the wetting-drying cycle is 3 days, and
in our case the wetting-drying is twice a day for the 6 month duration of experiments on ref 3 and ref
4 specimens. Same comments could be done with Timhadjelt [53] results, since in Timhadjelt, the

wetting-drying cycle is the same as Ghantous while it is twice a day in our experiments.

The corrosion kinetics deduced from monitoring measurement current is presented in Figure 163.

In general, it expressed the same tendency with a decrease by time. Nevertheless, CH 210 bottom and
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CH 202 top seem to have a quite constant behavior versus time and CH 201 bottom exhibits a high

scatter.
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Figure 163. Corrosion kinetic from monitoring measurement current

By assuming a constant corrosion kinetic versus time, it is possible to calculate the total corrosion
current density, i.e. the sum of uniform and macro-cell corrosion. For the 160 days long experiment,
the corrosion current density is closed to 4uA/cm?. In chapter 3, we found that uniform corrosion
current density was closed to 1.5 pa/cm? and that the macro cell corrosion current density could be
more significant in the case of CEM I. From Figure 138, it can be seen that macro cell corrosion current
density is closed to 2uA/cm? for C/A ratio about 1 and slightly higher if C/A is more important. It
corresponds then to a total corrosion current density about 3.5puA/cm? As a result, the values of

corrosion current densities plot in Figure 164 are coherent with the results from the chapter 3.
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Figure 164. Total corrosion current density after 160 days
The total corrosion current density after 380 days is shown on Figure 165, from this picture it is
clear that there is a reduction in corrosion current density between 160 days (Figure 164) and 380
days. This is consistent with the reduction of the macro cell current corrosion found versus time and

especially after the period of 160 days.

puA/cm? current density- after 380 days
4 -

Figure 165. Total corrosion current density after 380 days

®

** Discussion:

Ghantous and Timhadjelt also studied the effect of load-induced cracks on corrosion induced by
carbonation in their PhD. Experiments in Ghantous and Timhadjelt were based on 7x7x28 cm sample
with only one rebar and a wetting period of 30 mn followed by 72 h drying (1 wetting drying cycle each
3 days).

On “small” samples 7x7x28 cm, with one rebar and no top bar effect, Ghantous found that there

is an induction period before 180 days (from gravimetric measurement) (Figure 166) whatever the
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crack width. It is likely that the beginning of induction period could be 90 days since the difference
between loss of steel mass at 90 days and 180 days is quite small. The calculation of the corrosion rate
leads to value around 50 um/year at 90 days and around 25 pum/year at 180 days (Figure 167),

whatever also the crack width.

Exposure conditions: vertical crack (30 min rain, 20°C)

Duration of exposure (days)
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Figure 166: Loss of mass due to corrosion versus time in Ghantous [2]
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Figure 167 : corrosion kinetics versus time in Ghantous([2]
On same “small” samples 7x7x28 c¢cm, with one rebar and no top bar effect, Nassim Timhadjelt
found that there is also an induction period at 90days whatever the crack width (from gravimetric
measurement) (Figure 168) and the corrosion rate was around 25-30 um/year at 90 days and around

15-20 um/year at 180 days (whatever crack width).
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Figure 168 : loss of mass due to corrosion versus time in Timhadjelt [53]
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Figure 169 : corrosion kinetics versus time in Timhadjelt [53]

It appears that in both studies of Ghantous and Timhadjelt, there is an induction period in the
corrosion process whatever the crack width, after an exposure time about 90 days. Nevertheless, the

corrosion kinetics is slightly lower in the case of Timhadjelt study in comparison with Ghantous.

It is worth noting that in the results of Timhadjelt, there was both gravimetric measurements
versus time and macro cell corrosion current versus time. It is then quite interesting to compare
gravimetric loss of mass and calculated loss of mass from macro cell corrosion current measurement

versus time.

From gravimetric measurement, as mentioned previously, it appears that an induction period
begins at approximately 90 days whatever crack width (Figure 168). From macro cell current
measurement, it appears that an induction period begins after 40 days (Figure 170) whatever crack
width. In Figure 170, there is a change in the slope of cumulative charge versus time which allows to
propose the 40 days duration before the beginning of the induction period. There is no contradiction
between this beginning of induction period after 40 days and the results found in case of gravimetric
measurement: beginning of induction period at 90 days. Indeed, the change in slope of macro cell

current allow to continue to have an increase in loss of steel mass after 40 days of corrosion process
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during induction period. Nevertheless, it should be recall that gravimetric measurement corresponded
to the whole corrosion scenario: uniform and macro cell corrosion. As a result, it is possible to assume
that both uniform and macro cell corrosion follow the same phenomenological process: i.e. an
initiation phase followed by an induction phase. There is only a remaining question about the

beginning of the induction phase: is it simultaneous for both corrosion process or not?
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Figure 170 : loss of mass from macro cell corrosion current measurement versus time in Timhadjelt [53]

The work done by Timhadjelt allows also to have an idea about the relative ratio between uniform
corrosion and macro cell corrosion. Indeed, from Figure 170, the loss of mass calculated from macro
cell current measurement is, respectively, at 60 days: 2.4 mg and 12 mg for 100 um crack and 500 um
crack. From Figure 168, the loss of mass at 60 days is respectively, 40 mg and 60 mg for 100 um crack

and 500 um crack.

The ratio between total gravimetric loss of mass versus macro cell loss of mass is then, respectively,

16.7 and 5 for um crack and 500 um crack.

There is then an important difference between the ratios of gravimetric loss of steel mass/macro
cell loss of steel mass, between the two specimens. Despite the large variation: 5 and 16.7, it is clear
from this result that uniform corrosion is significantly higher than macro cell corrosion. One
explanation could be the short wetting period (30 mn) followed by a long drying period (3 days)

because macro cell corrosion needs a saturated crack path to be effective.

But in Timhadjelt, there is also some experiments on larger samples with 2 layers of rebars to study
the influence of water bleed defect which is likely to occur on top bars: specimens were 15x15x55 cm
as it is the case in our thesis. For these specimens, Timhadjelt has performed macro cell corrosion
measurement but there is no gravimetric measurement. The wetting drying cycles is supposed to be

30 mn wetting each day.
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Figure 171 : loss of mass due to macro cell corrosion for both bottom and top bars versus time from Timhadjelt [53]

From Figure 171, it seems that the 2 specimens studied do not exhibit the same behavior. For ref-
2 specimen, it is clear that there is a change in slope after about 40 days. For ref2-bottom, it could be
assumed that there is an induction phase since the slope is significantly reduced. For ref2-Top, there
is also a change in slope but it is difficult to assume that corresponds to an induction phase since the

corrosion is still significant. For ref-1 specimen, bottom and top bars seems to have a similar behavior.

The comparison between our results and previous results from Ghantous and Timhadjelt is not
easy. Indeed, in Ghantous, all the experimental results versus time correspond only to gravimetric
measurement of loss of steel mass due to corrosion, while in our experiments the experimental results
versus time correspond to loss of steel mass extrapolated from macro cell current measurement on
steel coupon. As a result, in Ghantous loss of steel mass correspond to the sum of uniform corrosion
and macro cell corrosion, while in our results it is only macro cell corrosion. Corrosion kinetic is not
very different in your experiment from the one of Ghantous at 90 days; the difference could be linked
to the different time between two consecutive wetting periods: 3 days in the case of Ghantous and 1
day or half a day in our experiments. Nevertheless, what is non-intuitive is that corrosion kinetic is

weaker for top bar that for bottom bar.

Finally, both Ghantous and Timhadjelt experimental results show that whatever the crack width,
there is a reduction in corrosion kinetics after a period of time in the range of 40-90 days,

corresponding to the appearance of an induction phase.

Nevertheless, this conclusion is linked to a wetting drying process of 30 mn followed by 3 days of
drying. As a result, as shown in the macro cell corrosion current versus time, only the wetting period

lead to a significant corrosion current, there is then a decrease in corrosion current during the drying.
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It is quite sure that uniform corrosion in also reduced during drying period since there is no corrosion

in dry concrete.

4. Conclusion

In this chapter the effect of top-bar casting on carbonation induced corrosion in concrete in

presence of load induced crack was studied.

Specimens were made only from CEM | cement. It corresponds to small beams (15x15x55 cm) with

2 layers of rebars (Top and bottom), each layer with 2 rebars.
Carbonation is due to ingress of CO; (3% CO, chamber) in the load-induced crack path.

A part of the macro cell corrosion rate was recorded by using a steel coupon. The total macro cell
corrosion rate was then estimated thanks to a numerical modeling of the macro cell corrosion in the
small beams. By computing the total electrical charge during the experiments, it was then possible to

calculate the loss of mass due to macro cell corrosion.

A gravimetric measurement of loss of mass due to corrosion was performed at the end of the

experiments.

The difference between the gravimetric loss of mass and the macro cell loss of mas, allows to

calculate to part of uniform corrosion.

Surprisingly, results show that loss of mass due to uniform corrosion is largely higher to the one
due to macro cell corrosion. The difference is between 2 to 10 according to the different sample and

rebars which corresponds to a high scatter.

Nevertheless, it was shown that the duration of the drying period in the wetting-drying cycles are
not favorable for macro cell corrosion since the current decrease quickly during the drying process.
Then to compare with the saturated conditions at anode, it is necessary to use the maximum macro
cell corrosion current recorded during the wetting process: it corresponds to an increase by 3 times.
In virtual fully saturated conditions, the difference between uniform corrosion and macro cell
corrosion appears to be positive or negative: in some case the macro cell process is more important;

in most cases the uniform process is more important.

Influence of load-induced cracks of carbonation-induced corrosion for both top bars and bottom

bars

In Ghantous, the influence of the crack opening on the carbonation-induced corrosion process is

tested on specimens subjected to corrosion under raining/drying cycles at 20°C for 30 minute rain
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duration in each cycle. After a certain number of raining/drying cycles, a decrease in the corrosion rate
is detected. This is attributed to rebar repassivation which is due to the corrosion products that seal
the cracks and act as a protective layer for the rebar by limiting the access of aggressive agents.

Moreover, the corrosion process appears to be independent from the residual crack opening.

One objective of our works was to study the effect of defects at the SCl interface: in particular, are

water bleed defects able to modify the conclusions drawn by Ghantous?

First of all, it is worth noting that top bars exhibit a longer carbonation length along the SCI
interface from the crack tip. The carbonation length appears to be between 2 times to up to times
higher for top bars than bottom bars. Nevertheless, quite surprisingly, carbonation length does not

reach the whole length of the top rebars.

Our results are most contrasted than the one from Ghantous. For bottom bars, the final corrosion
kinetic at 400 days appears to be comparable to the one of Ghantous at 90 days, which means that the
rebar repassivation is not fully achieved. Nevertheless, cumulative electrical charge from macro cell
measurement shows a tendency to a reduction of corrosion, corresponding to an induction phase after

about 180 days.

For top bars, the corrosion is more important in term of loss of mass in comparison with bottom
bars, but the corrosion kinetic is in most case weaker than for bottom bars. In term of only macro cell
corrosion, the same conclusions could be drawn, the cumulative electrical charge is always more

important for top bars than bottom bars.

Because corrosion kinetic in case of top bars is lower than corrosion kinetic in case of bottom bars,
it is assumed that water bleed defects are not detrimental for carbonation-induced corrosion from a

load-induced crack.
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1. Introduction

Zhang [4] have tested the effect of artificial cracks on the corrosion development due to
chlorides, on reinforced concrete. Artificial crack is used to separate the effect of crack path for
chlorides to reach quickly the steel re-bars, from the effect of Steel Concrete Interface (SCl) damage
due to load-induced cracks. For the sample used by Zhang, the artificial crack is induced on the top

bars to study the effect of SCI damage due to water bleeding.

This chapter aims to study the influence of top-bar effect on chloride-induced corrosion, in
presence of artificial crack. The new parameter studied in comparison with the work of Zhang [4] is the
used of fibers concrete. The idea was to study the effect of fibers on the resistance to corrosion-
induced cracking which could increase the acceptable pressure due to corrosion products of
covercrete. It was supposed that a higher confinement of corrosion products could help to get an
anodic control of corrosion, leading to a decrease in corrosion kinetics. Material of specimens and
experiment process is introduced followed the results and discussion on these results. Finally, is the

conclusion.

2. Experimental program
2.1. Preparing of reinforced concrete specimens

Twelve samples of reinforced concrete with dimension of 210x150x280 mm in length, width
and height, respectively, named G3-1 + G3-12 were prepared. Each specimen contained a frame work
consisting of two stirrups with diameter of 6mm and four main steel bars with 12mm in diameter and
160mm in length. Two reinforcements were embedded in the top were named top-front (TF) or top-
back (TB) and two reinforcements were placed in the bottom of the concrete named bottom-front (BF)
or bottom-back (BB). They were numbered according to the specimens. Also a steel bar with the same
dimension was embedded in the center of the framework playing the role of steel coupon in the
following corrosion measurement. The cover depths of the stirrups and main bars were 16mm and
21mm, respectively while it was about 69mm to the steel coupon. It should be noted that there were
also two others groups (labeled group A and B in Zhang [4]) with similar dimension but different

formulation of concrete exposed to the same wetting/drying cycles.

For six samples (G3-4, G3-5, G3-6, G3-10, G2-11 and G3-12) an artificial crack with a width of
1mm and a length of 27mm was applied. A shim was fixed at the middle location of the steel frame
work before concrete casting and was removed after initial setting of concrete. No artificial cracks
were made on the six remaining specimens including G3-1, G3-2, G3-3, G3-7, G3-8 and G3-9. In several
researches [169, 173, 182] concerning the effect of load-induced cracks on corrosion, it was indicated

that for long term studies crack width less than 0.5 mm did not affect the corrosion development.
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Instead of it, top casting defects was determined to play a more significant role. In addition in presence
of small crack width self-healing was observed [155-157]. The object of using an artificial crack is to
eliminate the presence of mechanical damage at steel concrete surface due to load-induced crack as

well as the mechanisms of self-healing.

Electrical wires were soldered onto the mains bars and the central bar in order to measure a
part of the macro cell corrosion current. In addition, the stirrups and main bars were also insulated to
prevent the electrical connections between all the bars. The long distance from the central bar to the
up and bottom surface (69mm) remains it in passive state during the experiment on corrosion. Neither
a pollution due to chlorides nor carbonation could occur at the location of the steel coupon). The
electrical current obtained in the following measurement between the main steel bar and the coupon
steel is a part of the cathodic corrosion current. For samples G3-1, G3-2, G3-3, G3-4, G3-5 and G3-6,
there was a unique wire to connect all mains bar while there were 4 wires connecting each main bar
in the samples G3-7, G3-8, G3-8, G3-10, G3-11 and G3-12 (Figure 172, Figure 173). In this last case,

each main bar is electrically isolated from the reinforcement lay out.

150 210
< S — Artificial crack
| e o
4
=
o o
K L] L] %
. - .- e
A
L“r b’ Hlos
S
Multimeter
Figure 172. Sample without artificial crack Figure 173. Sample in presence of artificial crack
2.2. Materials

The formulation of the concrete block G3 is summarized in Table 18.
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Materials Quantity (kg/m3)
CEM 1 52.5 R (Lafarge) 435
Sand 0-5 mm 895.3
Gravel 4-10 mm 726.2
Water 217.5
Fibre Dramix 65-35 58.5
Slump
70 mm

Table 18. Formulation of concrete

The concrete was added fiber in the compositions. It is known that fibers can help to have a
higher tensile strength and then to delay the appearance of corrosion induced crack or in the other
words a possibility of inducing a dormant phase of corrosion [228-230]. The autopsy of block at the
end of the experiments indicated that there was no corrosion of the fibers in the concrete, which
confirms that the chloride threshold initiating corrosion is significantly higher in case of metallic fibers

than in case of reinforcing bars.

2.3. Casting and curing

The casting direction is defined from the top bar to the bottom bar as in Figure 172, Figure
173. After casting the blocks were covered with a plastic sheet to avoid shrinkage induced crack. The
curing was performed in a standard curing room with a temperature of (20£2)°C and relative humidity

of higher than 95% during 28 days followed exposing to chloride environment.

2.4. Exposure conditions

After curing process, all the samples were exposed to a chloride environment by applying a
system of wetting-drying cycles (Figure 174). The procedure took place in a wooden chamber. Each
cycle included two days of wetting followed by five days of drying. During the wetting period, a salt fog
(35g/1 of NaCl, corresponding to the salt concentration of seawater) was generated by four spray
nozzles located at each upper corner of the chamber. The direction of exposure to chloride
environment is from upper to lower surface. The temperature is the same as the natural outdoor
environment of southwest of France, with monthly average temperatures ranging from 5.1°C to 21.3

°C and relative humidity varied from 50% to 84%.
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Artificial
crack

Figure 174. Image of exposure conditions
2.5. Measurement of macro cell corrosion current

The measurement of macro cell corrosion current was based on ASTM G71, utilizing a multi-
meter with an accuracy of 0.01 pA. The metallic coupon was connected to the positive pole of the
equipment while the main bar was linked to the negative pole. The received data indicated the macro
cell current which resulted from the potential decrease of the steel bar. The measurement was carried

out weekly, on the first day of the drying period.

3. Results and discussions
3.1. Cracking map
The specimens with and without artificial crack were submitted to 85 and 94 wetting-drying
cycles, respectively. Corrosion induced cracks were observed after 64" wetting-drying cycles of
wetting-drying, but the widths of corrosion-induced crack were only measured at the end of the
experiments by using a portable microscope with an accuracy of 0.01 mm. Following is drawn the

cracking map Table 19.

The cracks which were induced by corrosion were found on the surfaces of several blocks
including both samples in presence of artificial crack (G3-01, G3-02 and G3-03) or not (G3-04, G3-06,

and G3-11). Most of the longitudinal cracks appeared at the location of the upper steel bars.
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In samples with artificial crack, the presence of corrosion-induced crack was recorded only on

the back side of the block. On the other hands, in the sample without artificial crack, the observation

of corrosion-induced crack was found on the front, back and left surface of the block.

The width of corrosion-induced crack was in the range of 20 to 500 um.

Sample

Location

Width of corrosion-induced crack (um)

G3-01(no AC)

Front side

210

Va
[=parsy
oS
~

-

2002
200

280

Left

200
400
100

G3-02 (no AC)

Back

Left

G3-03 (no AC)

Front

280

178




CHAPTER V. CHLORIDE INDUCED CORROSION IN PRESENCE OF ARTIFICIAL CRACKS: INFLUENCE OF FIBERS IN
PRESENCE OF TOP BAR EFFECT

770
N (an)
=
P = g
U [N}
<
o
3 2
o
0] Back
;T
770
N et
_ NGRS
U o~
<
m o
= X
o
O] Back
;T
710
* N
=) S
<
— 2
= Back S
o
0]
>T

Table 19. Cracking map of specimens
815t wetting/drying cycle in case sample with AC

90t wetting/drying cycle in case sample without AC

It is really interesting and quite surprising that corrosion-induced cracks were recorded at
about the same period of time for samples with or without artificial cracks. One reason for this result
could be that the artificial cracks act as an expansion tank: artificial crack is filled by corrosion products
without any pressure on the concrete cover, and only when corrosion propagated along the rebar and
crack path is filled, there is enough pressure to induce cracking. Another surprising result is the fact
that only the main rebar of the samples with Artificial Crack was concerned by the appearance of the
corrosion induced crack. On the contrary, there is the appearance of corrosion-induced cracks on the
end faces of the concrete blocks without artificial cracks: it corresponds to the presence of the stirrups

(Figure 175).
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Figure 175 : Example of corrosion on stirrup

It is also very interesting to see that some samples do not exhibit any corrosion induced cracks

during the experiments. When comparing with the results from Zhang, it appears that there is a delay

in the appearance of the corrosion-induced cracking in case of concrete reinforced by fibers: at least

fourth time difference to induce the first corrosion induced crack. Moreover, for fibers reinforced

samples which do not exhibit corrosion-induced cracking before the end of the experiment, this

difference in time is then higher than fourth time. This result shows that fibers could play a role to

control the corrosion-induced cracking.

The development and appearance of corrosion induced crack were also found one year after

stopping the wetting/drying cycles (Table 20). In addition of the widening of existed cracks, there was

recorded the presence of new longitudinal crack on surface of other specimens (G3-08, G3-09).

Nevertheless, the position remained mainly adjacent to the bottom side of upper steel bar.
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Table 20. Cracking map of specimens (one year after stop the measurement of macro cell current)

It can be observed the presence of corrosion induced crack in both specimens with or without
artificial crack. In addition, longitudinal corrosion-induced cracks were found longer in the samples
without artificial crack. Indeed, there was presence of new corrosion-induced cracks on G3-08 and G3-
09, specimens without artificial crack, besides the growth of previous crack on old samples (G3-01, G3-
02, G3-03, G3-04, G3-06 and G3-11). It seems that the existence of pre-crack is not the main reason

for the development of corrosion induced crack in this case.

In case of specimens with artificial crack, corrosion induced cracks were observed to
commence at the location near the artificial crack. The description of corrosion induced crack widths

for all the specimens is resumed in Table 21.
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Table 21. Description of corrosion induced crack

For the samples tested by Zhang [4] without fibers, the first corrosion-induced cracks appears

after 16 wetting-drying cycles on the specimens B-1.

Zhang indicated in his PhD thesis that after 45 wetting-drying cycles (about 1 year of exposure)

all the samples with artificial cracks exhibited corrosion-induced cracks.

(a) Front side of A-1 (b) Front side of B-1  (¢) Cross-section of B-1 at amficial crack

Figure 176 : appearance of first corrosion-induced crack from Zhang [4]
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Wetting-drying cycles

Figure 177 : the first corrosion-induced cracks appears quickly after the change in slope on B-1 samples (from Zhang [4])

3.2. Autopsy of specimens to analyze the corrosion along the reinforced steel bar
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After monitoring the corrosion current, the block concrete was cut into smaller prisms (hnumber
1-2-3-4 in Figure 178 and Figure 179), including two located in the upper side and two located in the
lower side of the concrete. Each small block contained a main steel bar thereafter was split along the

bar to obtain the top and bottom of steel concrete interface.
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Figure 178. Illustration of position of the prism (block Figure 179. Illustration of position of the prism (block with
without AC) AC)

After splitting the smaller specimens and extracting the reinforcement, several visual

inspections were found.

The concrete color of the top was observed deeper than of the bottom bar in all steels interface
(Figure 180, Figure 181). The reason is that during the bleeding and settlement of fresh concrete, a
loose and porous layer of cement hydration products formed at the lower side of steel due to the top

casting effect in compare to a denser layer in the upper side.

Figure 180. Picture of the color in the SCI of a Figure 181. Picture of the color in the SCI of a
bottom bar top bar

For all concrete block, the SCI exhibited more corroded zone in two top bars than in the bottom

bars. However, it was more clear visualization with the upper steel bars embedded. Also in a steel bar,
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the upper sides showed less imprint of corrosion than the lower side (Figure 182, Figure 183, Figure

184 and Figure 185).

Figure 182. Picture of imprint of corrosion in the SCI of a Figure 183. Picture of imprint of corrosion in the SCI of a top

bottom bar (with AC) bar (with AC)

Figure 184. Picture of imprint of corrosion in the SCl of a Figure 185. Picture of imprint of corrosion in the SCI of a top
bottom bar (without AC) bar (without AC)

About the location of corrosion products, it was observed that rust stains mainly existed at the
rib foot zone rather than the voids zone. Indeed, corrosion products could be found in the position of
rib zone and with presence of voids or no presence of voids while no corrosion could be recorded in
the position of voids without presence of rib. This observation is in accordance with research by Zhang

et al [231].

Following the reinforcement was cleaned to remove the corrosion products on the surface.
After that the reinforcement was weighed utilizing a balance with a precision of 0.01g. The loss of mass

of steel bar for top bar and bottom bar were exhibited in Figure 186 and Figure 187.
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Figure 186. Loss of mass in case of top bars
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Figure 187. Loss of mass in case of bottom bars

From the measurement of the loss of mass due to corrosion (Figure 186 and Figure 187) it is
possible to draw some remarks. Firstly, despite some scatters between the different re-bars, there is
no effect of the presence of the artificial crack on the loss of mass, on top bars, at the end of the
experiments. This result confirms that top surface exposure to chloride spray and top bar effect are
more important parameters than for corrosion development cracks (even artificial crack) in case of
weak concrete cover: only 21 mm for this study. Same conclusions were drawn, in case of load-induced
cracks, by Francois et al. [182] and Yu et al. [169]. Secondly, bottom bars with the same concrete cover
as top bars, exhibit a significantly lower loss of mass due to corrosion in comparison with top bars. In

this case, the difference of corrosion level is linked to the difference in concrete porosity and SCI
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quality: top part of concrete specimens is more porous than bottom part and there are no macroscopic
defects at SCI for bottom bars as shown in Soylev and Francois [191, 200]. It is worth noting that the

level of corrosion found on bottom bars is not sufficient to induce cracks due to corrosion.

Finally, it is also interesting to see that the loss of mass measured on top bars are generally
higher in presence of corrosion-induced cracks (Figure 186), and the threshold value of loss of mass

leading to the appearance of corrosion-induced cracks is about 6 g.

It is interesting to compare the visual damage due to corrosion for the samples using concrete
reinforced by fibers in terms of corrosion-induced cracks width, with the existing models built on

concrete without fibers, such as the one of Vidal et al. [232] and Khan et al. [233].
Correlation with corrosion-induced crack width and corrosion of the re-bars

The local cross section loss initiating cracking is determined by equation proposed by Vidal et

al. [232]:

2
2 pf
A, = A|1-|1-Pe (75349325 |10
q)0 cI)O
Equation 25

Where:

- A Ay (mm2)is the local cross section loss leading to the occurrence of corrosion induced
crack,

- As (mm?) is the nominal cross-section of the steel bars,

- @ (mm) is the nominal diameter of the reinforcement,

- ¢ (mm) is the distance between the reinforcement and the outer concrete surface,

- pfgis the geometric pitting factor, taken as equal to 4 for chloride induced corrosion.

From Equation 25, the local loss of cross section which could initiate the first corrosion induced
crack is then 3.56 mm?, which correspond to 3.1% of loss of cross-section. If we supposed a full
corrosion along the rebar, this percentage of loss of cross-section would correspond to 4.4 g of
loss of mass. It is worth noting that this value is never reach for bottom bars (Figure 187), which is
coherent with the fact that no corrosion-induced cracks are visible on the concrete surface on front

of bottom bars.

From this result, and considering the scatters in the results, it seems that the presence of fibers
increases slightly the minimal local loss of cross section which initiated the first corrosion-induced

crack which is closed to 6 g. It is not necessary a surprising result since the pressure induced by
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corrosion products could sharply increase for a small amount of loss of mass, since the available

space in porosity of at SCI defects is already full of corrosion products.

The local cross section loss is then calculated (from Francgois at al. [19] adapted from Khan et

al. and Vidal et al.):

W.
AA = Izq +AA,

Equation 26
Where:

- A A;(mm2)is the local cross section loss,

- A Ao (mm2)is the local cross section loss leading to the occurrence of corrosion induced

crack,
- Weq (mm) is the equivalent of crack opening,

- K=0.0575 a proportionality coefficient.

The distribution of cross section loss along the length of reinforcement in block concrete with

presence of corrosion induced crack was performed as in Figure 188, Figure 189.
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Figure 188. Cross section loss (mm) of samples
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Figure 189. Cross section loss (%) of samples

The mass of loss then was calculated and displayed in Figure 190. It is important to notice that
loss of mass corresponds to the maximal values of local loss of cross-section, which by definition could

not be constant all along the re-bars, since it is local loss of cross-section: i.e. the distribution of pitting

corrosion along the re-bars.
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Figure 190. Local Loss of mass according to Vidal et al. equation

There is another model to predict the average (or generalized) loss of cross-section due to
corrosion. The average cross section loss is calculated using this equation proposed in [233, 234] and

exhibited in Figure 191.

AA,, =5.22=(w,, —0.164) Equation 27
¢

Where:
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- Weq (mm) is the equivalent crack opening in mm

C (mm) is the reinforcement concrete cover
- @ (mm)is the reinforcement diameter

- DAsn (mm?) is the average cross section loss
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Figure 191. Average cross section loss of samples

The loss of mass calculated from average cross section loss are shown in Figure 192. Because
this loss of mass corresponds to an average value of corrosion along the reinforcement, it could be

compare with the value recorded by gravimetric measurement and presented in Figure 186.
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Figure 192. Generalized Loss of mass from average cross section loss

By comparing the results from gravimetric measurement and the predicted values from Khan
et al. model (Figure 193), it is clear that the real loss of mass is significantly higher than the predicted
one. As a result, that means that fibers allow to reduce the opening of corrosion-induced cracks. This
result is not surprising, since when corrosion-induced cracks already exist, the corrosion products could
fill the crack path and the increase in pressure could lead to both an increase of crack opening, which
is controlled by fibers, and to an exit of corrosion products outside the concrete and the end of the

crack path.
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M result from gravimetric measurement

M result from Khan et al. model
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Figure 193. Comparison between the results from gravimetric measurement and the predicted values from Khan et al. model

loss of mass (g)

TB8 TB11

It is interesting to check the corrosion pattern along the rebars: top or bottom, and according
to the presence or not of artificial crack. Corrosion of steel bars at the end of the experiments then

was shown in Figure 194, Figure 195.
e Inthe case with presence of artificial crack on the concrete block, but only in front of top bars:

Top bar Bottom bar

TB4- top side BB4-top side

TB4- bottom side BB4-bottom side
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TF4- top view BF4-top view
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Figure 194. Corrosion of rebar in specimens with artificial crack

e Inthe case without presence of artificial crack on the concrete block:
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Figure 195. Corrosion of rebar in specimens without artificial crack

It could be observed that all the top bars were much corroded than the bottom bars. For each

top bar, the bottom side recorded more corrosion than the top side.

Corrosion maps of top steel bars in the samples where each bar was connected to the coupon
after being cleaned were drawn to study the distribution of pitting corrosion along the length. Each
rebar was divided into the top surface and bottom surface according to the casting direction. The red

line indicates the location of corrosion.
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Figure 196. Corrosion maps of top bar in samples with artificial crack.
It is worth noting that despite the presence of an artificial crack, the corrosion is not located in
front of the crack path. On the contrary, the corrosion spread all along the rebar, especially of the
bottom side. This is indeed a huge difference with the result of Lucas Hess [3] and this difference is

due to the presence of SCl defects at the bottom side of rebar resulting from the top bar effect.

e In the case without artificial crack:
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Figure 197. Corrosion maps of top bar in samples without artificial crack.
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Without the presence of an artificial crack, the corrosion also spread all along the rebar,
especially of the bottom side. This is also due to the presence of SCI defects at the bottom side of rebar

resulting from the top bar effect.

Concerning the corrosion pattern: corrosion was found almost along all the top reinforcements
with a thin layer dominate and small pitting (1-2 mm in length) mainly on the top side for example TB7,
TF8 or thin layer and huger pitting (up to 2-3 cm in length for example TF9, TF 11). Corrosion width was

up to more than 1mm in TF11, TF9.

3.3. Effect of top-bar effect and presence of artificial crack on corrosion process
3.3.1. Corrosion process in presence of artificial crack: specimens G3-10, G3-11 and G3-12

According to the 4-phases phenomenological corrosion model (Figure 198) the duration of

incubation was observed too short to be recorded: corrosion occurs at the first wetting-drying cycles.
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Figure 198 : phenomenological model of corrosion: 2-phases without cracks, 4-phases with cracks adapted from [19]

It could be explained by the contact of chloride to top side of steel bar by the preferable

penetration via the crack path. The initiation phase occurred until the 10-20™" wetting-drying cycle

followed by the propagation phase. Corrosion induced crack was identified in several samples including

G3-4 (front side), G3-6 (back side) and G3-11 (back side and front side). No crack induced by corrosion
was detected in the others (G3-5, G3-10 and G3-12).

Macro cell (or galvanic) current measurement

The 3 specimens G3-10, G3-11 and G3-12 are detailed: each specimen has 2 top bars which

are in contact with the artificial crack, and 2 bottom bars (without any cracks).
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It is quite interesting to notice that for the 6 top bars in contact with the artificial crack, the

behavior is comparable.

There is a quick increase in the cathodic current measured by the steel coupon which reaches
a value close to 40 pA. Then after 5 to 10 wetting drying cycles, the cathodic current decrease to be
almost neglectable: it corresponds then probably to the spreading of corrosion along the rebar thanks

to the SCI defects. It corresponds then to the propagation period.

Specimens with artificial cracks: G3 -12 (Figure 199)
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Figure 199 : macro cell corrosion current between all bars and the steel coupon (specimen G3-12): top bars are in contact

with the artificial crack

Specimens with artificial cracks: G3 -11 (Figure 200)
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Figure 200 : macro cell corrosion current between all bars and the steel coupon (specimen G3-11): top bars are in contact

with the artificial crack

Specimens with artificial cracks: G3 -10 (Figure 201)

For the specimen G3-10, the top back bar was extracted after 4 cycles of wetting and drying.
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Figure 201 : macro cell corrosion current between all bars and the steel coupon (specimen G3-10): top bars are in contact

with the artificial crack

Autopsy of top bar of G3-10 specimen after 4 wetting drying cycles:

After 4 cycles of exposure and because exhibiting a high corrosion current, one top bar of the
G3-10 was extracted. Corrosion can be seen at the level of the artificial crack, but only on the bottom

part (Figure 202). A zoom is available on Figure 204.

":ﬁp S r(le

Figure 202 : top back bar of G3-10 specimen extracted after 4 Figure 203 : top back bar of G3-10 specimen extracted after 4

cycles : bottom view cycles: top view

Surprisingly, no corrosion is visible on the top part of the re-bar which is just in front of the
chlorides ingress (Figure 203). Nevertheless, it is clear from the pictures that corrosion current is really

related to corrosion at the crack location.

Figure 204 : Zoom of the corrosion at the

location of the artificial crack after 4 cycles

(top back bar of G3-10 specimen)

The autopsy of the top back bar of the G3-10 specimens confirms that the high current

recorded during 10 wetting-drying cycles is associated with the corrosion in front of the artificial crack
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(Figure 204). Then the spreading of corrosion along the rebar, which correspond to the propagation

period, is associated to a weaker corrosion current, probably associated to the decrease in C/A ratio.

For samples with artificial crack, there are also 2 bottom bars in each which are not concerned
by the artificial crack. For theses bottom bars, the cathodic current recorded by the steel coupons
appears to be null only during the first 10 wetting cycles. It corresponds then to an incubation period
which is quite short but significantly more important than in the case of top bars without artificial
cracks as we will see later. The difference between top bars and bottom bars must be in relation with
the higher porosity at the top part of the concrete specimens and also to the fact that the upper surface
was receiving the salt fog, which is not the case for the bottom surface of the specimens. This
unfavorable effect of horizontal surface in contact or not with the salt spray was also mentioned by

Francois [235] and Yu et al. [169] and Zhang et al. [173].
Cumulative charges result for G3-10, G3-11 and G3-12:

The cumulative charges for top-bars in front of the artificial crack are presented Figure 205. It
is clear from (Figure 205) that all the top-bars show a propagation period which begins between 10 to
20 cycles of wetting-drying cycles. On top bar (top front bar of G3-10 sample) exhibit an onset of

propagation period after 80 cycles.
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Figure 205 : cumulative charge in Coulomb (C) for the 6 top-bars of sample G3-10, G3-11 and G3-12. Back bar of G3-10 was

extracted after 4 cycles to check the corrosion

During the propagation phase, corrosion-induced cracks were visible after 64" wetting-drying
cycles for G3-11 specimen. It does not correspond to any change in macro cell current and cumulative
charge. On the contrary, there is an increase of macro cell current for G3-10 sample after about 80"
wetting-drying cycles and then a change in the slope of cumulative electrical charge. No corrosion
induced cracks were recorded on G3-12 samples. According to the shape of the cumulative charges, it

seems that the appearance of corrosion-induced cracks does not modify the corrosion behavior. This
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result is probably logical for a short period after the appearance of corrosion-induced cracks, but it
seems that this behavior would exhibit some changes, as corrosion-induced cracks could modify the
ionic flux depending of wetting or drying conditions, since corrosion products which induced the crack

formation are not electronic conductor and are ionic conductor only if wet.

For bottom bars of the G3-10, G3-11 and G3-12 samples, the cumulative charge is presented
Figure 206.
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Figure 206 : cumulative charge in Coulomb (C) for the 6 bottom-bars of sample G3-10, G3-11 and G3-12.

The cumulative charges for bottom bars appear to be very weak in comparison with those of
top bars with artificial cracks. Nevertheless, the slope of cumulative charge is similar with the one in

propagation phase for top bars.

When making a zoom (Figure 207) of the Figure 206, it can be seen that the incubation period
was limited at 10 wetting drying cycles for almost all bottom bars: only the bottom back bar of G3-12

specimens seems to get earlier corrosion, probably due to a defect during casting.
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Figure 207 : zoom at cumulative charge in Coulomb (C) for the 6 bottom-bars of sample G3-10, G3-11 and G3-12.

All the cumulative charges for all bottom bars are in the same order of magnitude which is 5
to 8 times lower that the one on top bars. For these levels of corrosion, and despite the absence of

expansion tank allowed by artificial cracks, corrosion-induced cracks were not visible on the concrete
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surface in front of all the bottom bars. The low porosity at the bottom part of reinforced concrete
sample is also a parameter which could favor the formation of corrosion induced cracks because
limiting the available space for corrosion products. As a result, the pressure exerted by corrosion
products on the covercrete could be high, but it appears to be not sufficient probably thanks to the

presence of fibers.

3.3.2. Corrosion process without artificial crack: specimens G3-7, G3-8 and G3-9

In Figure 208 and Figure 209 and Figure 210, the incubation periods appear to be very short
and without any correlation with the location of the re-bars top or bottom. This result is coherent with
the results from bottom bars in case of presence of artificial cracks where induction period could be
very short (bottom back G3-12) or limited at 10 wetting drying cycles (others bottom bars). The
presence of fibers lead to a reduction of incubation period if we compare with the research [4] by
Zhang, in which the duration of the initiation was approximately 14 wetting/drying cycles then

followed the propagation.

Indeed, the presence of fibers could lead to preferential path for aggressive agents and
induced earlier corrosion initiation. As soon as corrosion is initiated, it would be then interesting to see

if the corrosion process in term of cumulative charge is identical or not in presence of fibers.
Macro cell current measurement

The 3 short-beams cast without artificial crack: G3-7, G3-8 and G3-9 are detailed. 4 bars are

concerned for each sample: 2 top bars (front and back) and 2 bottom bars (front and back).
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Figure 208 : macro cell corrosion current between all bars and the steel coupon (specimen G3-09)
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Figure 209: macro cell corrosion current between all bars and the steel coupon (specimen G3-08)
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Figure 210 : macro cell corrosion current between all bars and the steel coupon (specimen G3-07)

We can notice some macro cell current measured between the re-bars and the coupon: it is
generally more pronounce on the top bars than the bottom bars. It was not the case for the bottom
bar of G3-07 sample which exhibited a high current from the beginning of the experiment: this is the

reason why we decide to perform an autopsy after 30 cycles of wetting drying cycles.
Autopsy of the Bottom front bar of G3-07 sample after 30 cycles of wetting-drying:

Quite surprisingly, only two small sites of corrosion are visible at the foot of 2 ribs (Figure 211
and Figure 213). But there is also a rust stain which is visible on Figure 212 and Figure 214 which could
correspond also to an onset of corrosion. As a result, there is some corrosion which could explain the

macro cell current which is measured, but the corrosion level is very weak.
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Figure 211 : bottom front bar of G3-07 sample after 30 Figure 212 : bottom front bar of G3-07 sample after 30

cycles of wetting-drying cycles cycles of wetting-drying cycles

Figure 213 : corrosion visible at the foot of 2 ribs on bottom front bar G3-07 after 30 cycles

Figure 214 : corrosion stain visible between 2 ribs on top front bar G3-07 after 30 cycles
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Macro cell charge for samples without artificial crack (top bars and bottom bars):

The cumulative charges for top-bars of samples without artificial crack are presented Figure
215. It is clear from Figure 215 that all the top-bars show an onset of propagation period which begins
before 20" wetting-drying cycles). This value is closed to the beginning of the propagation period for
top bars of samples with artificial cracks. It is quite remarkable that the kinetic of propagation period
expressed in Coulomb/day is not so different between the case of the presence of artificial crack and
the absence of artificial crack. As a result, the reduction of corrosion kinetic observed in case of the
presence of artificial crack after a high corrosion kinetic during initiation period, seems to correspond
to the kinetic of corrosion without artificial cracks, and then to a mechanism of spreading of corrosion

along the rebar due to the presence of SCI defects.
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Figure 215 : cumulative charge in Coulomb (C) for the 6 top-bars of sample G3-7, G3-8 and G3-9. Top front bar of G3-07 was

extracted after 30 cycles to check the corrosion

The cumulative charges for bottom-bars for samples without artificial crack are presented:
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Figure 216 : Cumulative charge in Coulomb (C) for the 6 bottom-bars of sample G3-7, G3-8 and G3-9.
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The cumulative charges for bottom-bars for samples without artificial crack are presented
Figure 216. It is coherent with the results of bottom bars of sample with artificial cracks (Figure 206).
It is clear from Figure 215 and Figure 216 that bottom bars exhibit a corrosion kinetic which is not very
different from the one of the top bars. Nevertheless, it seems that the corrosion current is slightly
higher in case of top bars in comparison with bottom bars; one explanation could be the higher
porosity of the concrete near the top bars and also the defects at the interface which give more space

for corrosion products.

3.3.3. Summary of the corrosion process with or without artificial crack

Figure 217, Figure 218, Figure 219 and Figure 220 illustrate the cumulative charge value for
the top steel bars of specimens in presence of artificial crack or without artificial crack. It is clear that
the results are quite consistent with model 2-phase introduced by Tuutti [84] for un-cracked concrete

and clearly consistent with model 4-phase proposed by Francois et al. [182] for cracked concrete.

Firstly, we plot the cumulative electrical charge for the samples where each longitudinal rebar
could be connected to the steel coupon. In this case, it is possible to separate the behavior of top

(Figure 217) and bottom bars (Figure 218).
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Figure 217. Cumulative charge for the top bars
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Figure 218. Cumulative charge for the bottom bars

Then we plot the cumulative charge for the samples where all the 4 rebars (both bottom and

p) are connected simultaneity to the steel coupon (Figure 219).
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Figure 219. Cumulative charge for the steel bars in electrical continuity

Figure 220 shows the comparison between the cumulative charge measured when all main

rebars are electrically connected, and the average value of the 4 bars when they are electrically

disconnected.
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Figure 220. Cumulative charge for the steel bars of samples in electrical continuity and current average of other samples

From Figure 220, it appears that all the results in term of corrosion current monitoring are
coherent. The presence of artificial crack gives a quicker onset of corrosion development, but in
absence of artificial crack, the corrosion current slope is at least comparable with the one with artificial

crack.

In presence of artificial cracks, the incubation period is very short and during initiation period,
the corrosion current is important. After about 10 wetting/drying cycles, the initiation period finished
for cracked specimens, corresponding to the propagation period since the corrosion rate have a quite
similar value (Figure 217 and Figure 218) with the one of uncracked specimens or for bottom bars. The

same observation can be also found in a study by Zhang [4].

It should be notice that the change in slope at the end of the initiation phase could be
interpreted as a kind of dormant phase which would then correspond to the induction period of the 4-
phases phenomenological model of corrosion. But the slope is quite similar to the one recorded for
samples without artificial crack and also for bottom bars. Moreover, during this phase, some corrosion-
induced cracks appear on both samples with or without artificial crack. Because induction phase in the
4-phases model cannot be associated with the creation of corrosion-induced cracks, the phase which

follow the initiation phase could only be the propagation phase.

Because the corrosion rate corresponds to macro cell measurement, it seems surprising that
this corrosion rate appears to be constant in the propagation period for cracked specimens and also
constant for uncracked specimen. Indeed, due to the extension of the corroded zone, there is a

reduction of the ratio Cathode/Anode, which will normally lead to a reduction of the corrosion rate.
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As a result, the reduction of corrosion current due to the decrease of C/A ratio is compensated by an

increase of the anodic activity in the corroded zone.
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Figure 221. Macro cell current in steel bar (without AC) Figure 222. Macro cell current in steel bar (with AC)

In Figure 221 and Figure 222, it is clear that the instantaneous corrosion current is strongly
higher for cracked specimens during the first 10 wetting-drying cycles: then the instantaneous

corrosion current is in the same order of magnitude of uncracked specimens.

From Figure 221, it seems that there is some macro cell current after only 1 or 2 wetting-drying
cycles. Nevertheless, it corresponds to the specimens where all rebars are electrically connected, and
then the corrosion current could correspond to any rebars, and even to stirrups which have a weaker
cover than the main bars. For specimens corresponding to electrically isolated main bars, and without
artificial crack (Figure 223), it appears that some rebar does not exhibit any macro cell current before

15-20 wetting-drying cycles as TF9 rebar, but some rebars show already non-null macro cell current

after 2-4 wetting-cycles.
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Figure 223 : macro cell current versus time for specimens without artificial crack and each main bar electrically isolated from
the reinforcement lay-out
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Figure 224 : Macro cell corrosion current on samples A tested by Zhang [4]

If we compare, the duration of the incubation period with the one found by Zhang [4] it can be
seen on Figure 224, that the incubation period for samples A tested by Zhang during his PhD, is about
14 wetting-drying cycles. It corresponds to the duration necessary for chlorides to reach the SCI
through the concrete cover, and to reach the chloride threshold value. In the case of G3 samples with
fibers, the fact that the incubation could be very short (2 wetting-drying cycles) or could have the same
duration of the one of samples A and B (in Zhang [4] is probably due to the preferential path for
chlorides or CO2 along the fibers. Indeed, it was shown by Al-Almad et al. in [80] or Sassine in [236]
that CO; is able to progress along SCI or wires very quickly to induce corrosion. Chlorides could also
ingress along SCl or wires or fibers to quickly depassivate the steel: it was shown by Francgois [235] or
Geiker et al. [237] in the case of spacers of reinforcement lay-out, but also in [3] were very small crack

openings measured by X-Ray CT, allows the quick initiation of corrosion.

As a result, it appears that fibers, even if they are not concerned by corrosion (because of a
higher chloride threshold) could decreases the time for corrosion initiation of reinforcing steel due to

the preferential path for aggressive species along the fibers.

3.4. Numerical determination of the k factor between the current measured by the metallic
coupon

Table 22 shows the electrochemical parameters used for the numerical simulation. These

parameters are based on the work done by Chalhoub [27]. The concrete composition in Chalhoub

corresponds to the use of a CEM |, which is also the case in our experiments. Chalhoub has shown that

the cathodic behavior is highly influenced by the cement, in term of resulting porosity at SCl and also

in term of oxygen depletion which could occurred in case of the use CEM lll.
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baa (V/dec) bca (V/dec) bap (V/dec) bcp (V/dec) icorr-a (A/mzjcorr—p (A/mzj Ecorr-a (V) Ecorr-p (V)
0.125 0.13 0.24 0.13 5.00E-02  6.00E+05  -0.5(V)  -0.138(V)

Table 22 : electrochemical parameter used for the numerical simulation

Because the specimens are submitted to wetting and drying period in a salt fog chamber, it is
considered that the resistivity is quite low: 150 Ohm.m. Resistivity cannot be checked on site since the
composition involved metallic fibers which are preferential paths for the electronic current when

measuring the resistivity.
Numerical modeling with artificial crack filled by salt water:

The model (Figure 225) corresponds to the presence of an artificial crack. It allows estimate

the total anodic current for top bars from the cathodic current measured on the steel coupon.
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Figure 225 : numerical model to predict the macro cell corrosion current

Different sizes of the anodic site are studied. The total corrosion current on the anodic site
located in front of the artificial crack appears to be hardly influence by the anodic length. For anodic
length between 2 mm to 8 mm, the corrosion current is about 100 pA (Figure 226). On the other hand,
the corrosion rate (or corrosion current density) decrease strongly with the length of the anodic site

(Figure 227).

This result is due to the decrease of C/A ratio: indeed the Figure 228 shows that the corrosion

current is almost linear as a function of the C/A ratio.
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Figure 226 : numerical value of corrosion current and cathodic current on the steel coupon according to the length of the

anodic site.

From Figure 226, it can be seen that the corrosion current measured by the steel coupon is
closed to 30 pA at the beginning of the corrosion process when only anodic sites are located in front
of the artificial crack. It is then coherent with the experimental results shown Figure 199, Figure 200
and Figure 201. On the contrary, with the extension of the anodic sites along the rebar, the numerical
modeling shows that the corrosion current recorded by the steel coupon increase, which is not the
case for the experimental results. Nevertheless, it is necessary to consider the fact that the numerical
model is based on a continuous connection between the steel coupon and the rebar, which is not the
case during the experiments. Indeed, the steel coupon is only connected to the main bar during 1 mn
to make a measurement of the cathodic current exchange between the 2 bars: it is supposed that it
allows to have an idea of the anodic activity on the main bar, but probably the transient behavior is

not fully understood.
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Figure 227 : corrosion rate (corrosion current density) according to the length of the anodic site.
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Logically, the corrosion current density decreases with the increase of anodic length (Figure 227). This

result is coherent and similar to the one found by Hess [3].
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Figure 228 : corrosion rate versus the ratio C/A

Logically also, the corrosion current density increases with the increase of C/A ratio (Figure
228), which correspond for the main bar to a higher corrosion density at the beginning of the corrosion

process when corrosion is only effective in front of the artificial crack.

Figure 229 shows the k ratio between the cathodic current measured by the steel coupon and
the total corrosion current: at the beginning of the corrosion process the k factor is closed to 3.8. When
all the length of the top bars is corroded the ratio is then 1 since the only residual cathodic site

corresponds to the steel coupon.

k versus anodic length
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Figure 229 : ratio k between the cathodic current measured by the coupon and the total anodic current, versus the anodic

length
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As a result, increase the length of anodic site leads to a decrease in the corrosion current and
also in the corrosion rate. It could lead to an apparent decrease of the corrosion rate during the

experimental testing.

The numerical modeling is performed in steady state behavior, while the experimental
measurements are performed in transient behavior. Probably, there is not a huge effect when C/A is
high, because the presence or not of the steel coupon do not change significantly the C/A ratio: it is
the case for the initiation period of corrosion in case of artificial crack, since the anodic site is limited

to the size of the crack as shown in Figure 204.

On the contrary during the propagation phase, the extension of the anodic site along the rebar
corresponds to a corrosion process which cannot be represented by an instantaneous connection to

the steel coupon.

4. Conclusion

As previously found by Zhang[4] in presence of artificial crack, the incubation period is very
short, since corrosion current is recorded after the first wetting-drying cycle. The initiation period
before a reduction in slope is around 10 wetting-drying cycles, then the cumulative charge, for all
samples, exhibit a significant change in slope corresponding to a strong reduction of corrosion kinetic.
In Zhang [4] this change in slope is associated to the beginning of the propagation phase which
correspond to the absence of induction phase, in the 4-phases model of Francois [19]. This assumption
is associated to the comparison between specimens with or without artificial crack. Indeed, as shown
in Figure 230, the slope of the cumulative charge is the same in the propagation phase for both un-
cracked and cracked specimen. Corrosion propagation is also associated to a large extension of the
corroded zone, especially at the bottom part of top bars as shown in Figure 231. This large corroded
zone leads to get a small C/A ratio and then a corrosion rate which is significantly reduced by
comparison with the initiation phase in case of artificial crack, where C/A ratio is important as shown

by the numerical modeling.
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Figure 230 : comparison with the electrical charge versus time for samples without (left) or with (right) artificial crack from

Zhang et al. [231]

100% 100%
— & [
§ < © Bottom side of steel rebar of B-1 ‘
o © Bottom side of steel rebar of A-1 £ °
£ 75% g 1% 1 0
ot
g g r Average value:-33.38%¢ o o
] Average-value:-6.47% = s0u o o &°
2 s0% £ 0% 1 o &0 @2
¢ R N
£ = 3 @ @ 0590L © o

= L

s S 9s5n, | o q;@ & ©

25% o0 (o)
1) = o0 A©
= o= O % o O o)
= = © Qo O
o §0,8 o B © o)

e ——
O ° L] 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

0 80 90 100 110 130 140 150 160

Length of steel rebar (mm)
''''''''''' (b) Bottom-surface-of-steel rebar-of -A-1Y <+« -+ (b)Bottom-surface-of steel rebar-of B-19

Length of steel rebar (mm)

Figure 231 : comparison between the length of corroded zone at bottom face of top rebars for sample without (left) or with

(right) artificial crack from Zhang et al. [231]

Our results are coherent with the one of Zhang [4] indeed autopsy performed at the end of the
experiments show that corrosion spread all along the steel bar preferentially at the bottom part of the
top re-bars. It is assumed that the extension of the corroded length along the reinforcement begins at
the end of the initiation phase: i.e. about 10 wetting-drying cycles. As a result, the propagation phase
visible on cumulative charge versus time is explained by the extension of the anodic activity all along
the rebar. This extension of anodic activity reduce the C/A ratio and then reduce the corrosion current
which is then identical for specimen with artificial crack (Figure 232) and specimen without artificial

crack (Figure 233).

Moreover, the fact that corrosion-induced cracks appears during the experiments confirms
that all specimens were in propagation phase: i.e. the 4-phases corrosion phenomenological model for
cracked concrete assumes that corrosion-induced cracks could only appear during the propagation

stage.

221



CHAPTER V. CHLORIDE INDUCED CORROSION IN PRESENCE OF ARTIFICIAL CRACKS: INFLUENCE OF FIBERS IN
PRESENCE OF TOP BAR EFFECT

This result is in accordance with the one from [3] who found that no induction phase was visible
in chloride-induced corrosion in presence of load-induced crack, since their width were higher or equal

to 0.5 mm. Induction phase could be only visible for crack width lower of equal to 0.3 mm.

If we accept the idea that large load-induced cracks could be represented by artificial crack,
the main difference between Hess experimental program and our experimental program is the
presence or not of SCI defects due to top bar effect. As a result, without top-bar effect, corrosion
concentrate of a small area and the corrosion density is high due to high C/A ratio which does not allow
a change in slope for corrosion process versus time. In this case, Hess considered that there is only one
phase after the incubation, which is call initiation/propagation. On the contrary, with top bar effect,
the corrosion spread on a long distance which reduce C/A and reduce the corrosion density which lead

to a change in slope after initiation of corrosion at crack tip.
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Figure 232 : cumulative electrical charge versus time for sample with artificial crack
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Figure 233 : cumulative electrical charge versus time for sample without artificial crack

Effect of fibers on the corrosion process

Comparison between the samples from Zhang [4] (Figure 230) made of concrete without fibers
and our specimens made with fibers (Figure 232) do not show any difference in the phenomenological
process, and also no difference in term of cumulative charge. It is quite logical since the corrosion
process is linked to the presence of the artificial crack and water bleed defects at SCI which are the

same in Zhang experiments and in our experiments.

Nevertheless, the initial goal was to check if an anodic control could occur in case of fibers
concrete due to the higher resistance to cracking. In this case the pressure around corrosion products

would be higher and could limit the anodic process by lack of space for corrosion products.

A delay in time to induce the first corrosion-induced crack was found between Zhang
experiments and our experiments. Zhang found that the corrosion-induced crack appears after 17
wetting drying cycles, then only after a short period in the propagation phase; while we found that the

first corrosion-induced crack appears after 64 wetting drying cycles.

As a result, it can be argued that the increase of the acceptable pressure induced by the
corrosion products which is given by the presence of fibers can delay the appearance of the first
corrosion induced crack. The presence of fibers allows also for a control of the increase of the
corrosion-induced crack width visible on the concrete surface. Nevertheless, these effects are only
“visible” effects and do not give a better resistance versus the spreading of corrosion all along the

reinforcement in case of top-bar effect.

Finally, contrary to the assumption made at the beginning of the thesis, it is not possible to

achieve an anodic control by increasing the acceptable pressure before concrete cracking.
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1. Conclusions

In this thesis, the effect of top casting induced defects and cracks on the corrosion behavior
were investigated. Both carbonation-induced corrosion and chlorides-induced corrosion were studied.
If the macro cell predominant behavior is well established now for chlorides-induced corrosion, it was
an open question concerning the carbonation-induced corrosion and was the subject of chapter 3. The
effect of top-bar defects on carbonation-induced corrosion in presence of load-induced cracks was
studied in chapter 4: it allows to complete the results concerning the presence of load-induced cracks
on carbonation-induced corrosion already studied by Ghantous [2]. Finally, the presence of top bar
defects associated with the use of concrete reinforced by fibers and the presence of artificial cracks
was studied in chapter 5: it allows to study the possibility of anodic control of corrosion by increasing
the confinement of corrosion products, and to complete the results from Zhang [4] concerning the
effect of top bar defects associated with an artificial crack. According to the experimental and

numerical study the following conclusions can be drawn.
Uniform and macro cell corrosion for carbonation-induced corrosion

The ratio between uniform and macro cell corrosion was studied in saturated conditions: i.e.
anode fully immerged in solution. Both Uniform corrosion rate and macro cell corrosion rate were
measured on steel rebar embedded in carbonated concretes. 3 Concretes were studied, one based on
CEM | and 2 based on CEM llI: all concretes were also studied in Perfdub project. Anode samples were

fully carbonated in a 50% CO, concentration chamber.

e The uniform corrosion rate does not depend of the concrete resistivity. (Resistivity in this
research varies from 69 to 718 Qm before carbonation and from 240 to 2000 Qm after
carbonation)

e The macro cell corrosion rate is highly dependent of the resistivity, and especially on the
resistivity at the anode.

e On-site corrosion rate, which is the sum of the uniform part and the galvanic part, is then likely
to depend of the resistivity of concrete.

e The macro cell corrosion rate is highly dependent of the C/A ratio. In practice, C/A ratio could
be limited or important. In the case of local defects or presence of cracks, the macro cell part
of corrosion rate could be the most important contribution to the total corrosion rate. Without
local defects, the uniform corrosion current is suitable to be the more important part of
corrosion process. During a corrosion diagnosis on a reinforced concrete structure, it is then

important to take into both local and global phenomena.
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e the use of CEM Ill concrete, which corresponds to high resistivity concrete, leads to a
significant limitation in the galvanic corrosion rate on-site.

e foraCathode/Anode ratio C/A=1, macro cell corrosion is 6 times higher than uniform corrosion
rate for CEM | concrete, while for CEM Il concrete, the uniform corrosion current is higher

than the macro cell corrosion current.

Contrary to the chloride-induced corrosion, the ratio between macro cell corrosion current
and uniform corrosion current is variable and depend mostly of the concrete resistivity. For high
resistivity, macro cell corrosion current could be weaker than the uniform corrosion current. Saturated

conditions at the anode lead to the higher macro cell corrosion current.
Effect of top bar defects on carbonation-induced corrosion in presence of load-induced cracks

Wetting-drying cycles were used at the load-induced crack location to study the influence of
top-bar defects on corrosion development. Indeed, in case of carbonation-induced corrosion, the load-
induced cracked zone cannot be always saturated, since carbonation process need dry period.
Nevertheless, we need to be aware than macro cell process in strongly affected by the wetness at the
crack location, which do not correspond to the conditions of chapter 3. Specimens were made only
from CEM | cement. It corresponds to small beams (15x15x55 cm) with 2 layers of rebars (Top and
bottom), each layer with 2 rebars. Carbonation is due to ingress of CO, (3% CO, chamber) in the load-
induced crack path. A part of the macro cell corrosion rate was recorded by using a steel coupon. The
total macro cell corrosion rate was then estimated thanks to a numerical modeling of the macro cell
corrosion in the small beams. By computing the total electrical charge during the experiments, it was
then possible to calculate the loss of mass due to macro cell corrosion. A gravimetric measurement of
loss of mass due to corrosion was performed at the end of the experiments. The difference between
the gravimetric loss of mass and the macro cell loss of mas, allows to calculate to part of uniform
corrosion. Surprisingly, results shows that loss of mass due to uniform corrosion is largely higher to the
one due to macro cell corrosion. The difference is between 2 to 10 according to the different sample
and rebars which corresponds to a high scatter. Nevertheless, it was shown that the wetting-drying
cycles are not favorable for macro cell corrosion since the current decrease quickly during the drying
process. Then to compare with the saturated conditions at anode, it is necessary to use the maximum
macro cell corrosion current recorded during the wetting process: it corresponds to an increase by 3
times. In virtual fully saturated conditions, the difference between uniform corrosion and macro cell
corrosion appears to be positive or negative: in some case the macro cell process is more important;

in most cases the uniform process is more important.

Influence of load-induced cracks of carbonation-induced corrosion for both top bars and bottom bars
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In Ghantous [2] the influence of the crack opening on the carbonation-induced corrosion
process is tested on specimens, without top bar defects, subjected to corrosion under raining/drying
cycles at 20°C for 30 minutes rain duration in each cycle. After a certain number of raining/drying
cycles, a decrease in the corrosion rate is detected. This is attributed to rebar repassivation which is
due to the corrosion products that seal the cracks and act as a protective layer for the rebar by limiting
the access of aggressive agents. Moreover, the corrosion process appears to be independent from the
residual crack opening. Our results are most contrasted than the one from Ghantous. For bottom bars,
the final corrosion kinetic at 400 days appears to be comparable to the one of Ghantous at 90 days,
which means that the rebar repassivation is not fully achieved. Nevertheless, cumulative electrical
charge from macro cell measurement shows a tendency to a reduction of corrosion, corresponding to
an induction phase after about 180 days. For top bars, the corrosion is more important in term of loss
of mass in comparison with bottom bars, but the corrosion kinetic is in most case weaker than for
bottom bars. In term of only macro cell corrosion, the same conclusions could be drawn, the

cumulative electrical charge is always more important for top bars than bottom bars.

e For load-induced cracked specimens, the carbonation process lead to a significantly longer
carbonation length along the SCI interface from the crack tip in case of top bar defects, than
in case of no top bar defects . The carbonation length appears to be between 2 times to up to
times higher for top bars than bottom bars.

e Because corrosion kinetic in case of top bars is lower than corrosion kinetic in case of bottom
bars, it is assumed that water bleed defects are not detrimental for carbonation-induced
corrosion from a load-induced crack.

e For carbonation-induced corrosion, the presence of load-induced cracks lead to a quick
initiation of corrosion, but after less than one year there is a decrease of corrosion rate,
whatever the presence of not of top bar defects. At crack location, uniform corrosion is

predominant in comparison with macro cell corrosion.

Effect of top bar effects and presence of fibers on the macro cell corrosion in case of chloride-induced

corrosion:

On contrary with carbonation-induced corrosion, chlorides-induced corrosion is mostly macro
cell corrosion, even in the case of the corrosion at crack tip: this was recently confirms in Hess thesis
[3]. In presence of load-induced cracks, Hess [3] shows that the corrosion at crack tip could corresponds
to a continuous propagation stage after the quick initiation at crack tip; but he also found that initiation
of corrosion could be followed by an induction phase. No explanation could be found to explain this

different scenario. As in Ghantous, Hess does not study the effect of defects at SCI such as water bleed
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defects. To study the effect of water bleed defects from the chloride ingress in a crack, it was chosen
to have top bars effect on rebars with a sufficient height of concrete > 250 mm, and then the cracks
are not induced by load but correspond to artificial cracks created by a plastic sheet. The most
important difference between load-induced cracks are firstly, the fact there is no possible restriction
of chloride ingress in the crack path, such as self-healing, and secondly, that there is no mechanical
damage at the interface. Nevertheless, for this last point it is expected that water bleed defects at
interface are significantly more important that mechanical damage and then the absence of
mechanical damage do not affect the conclusions of the study. In addition to the study of top bar effect
on corrosion development, the effect of fibers is also studied. Fibers allow to have a better tensile
strength for concrete: the goal was to see if fibers allow effectively a delay in the appearance of
corrosion-induced cracks; and also if the confinement of corrosion products allowed by a higher tensile
strength of covercrete could allow to obtain a reduction of the anodic process (anodic control of

corrosion).
Corrosion process in presence of artificial crack and top bar effect

In presence of artificial crack, the incubation period is very short, since corrosion current is
recorded after the first wetting-drying cycle. The initiation period before a reduction in slope is around
10 wetting-drying cycles, then the cumulative charge, for all samples, exhibit a significant change in
slope corresponding to a strong reduction of corrosion kinetic. This change in slope is associated to the
beginning of the propagation phase which corresponds to the absence of induction phase, in the 4-
phases model of Francois [19]. This assumption is associated to the comparison between specimens
with or without artificial crack. These conclusions are coherent with the one of Zhang [4], indeed
autopsy performed at the end of the experiments show that corrosion spread all along the steel bar at
the bottom part of the top rebars. It is assumed that the extension of the corroded length along the
reinforcement is already achieved at the end of the initiation phase. As a result, the propagation phase
visible on cumulative charge versus time is explained by the extension of the anodic activity all along
the rebar. This extension of anodic activity reduces the C/A ratio and then reduces the corrosion

current which is then identical for specimen with artificial crack and specimen without artificial crack.

Top bar defects will lead to an absence of induction (or dormant) phase of corrosion in

presence of cracks.
Effect of fibers on the corrosion process

Comparison between the samples from Zhang [4] made of concrete without fibers and our
specimens made with fibers do not show any difference in the phenomenological process, and also no

difference in term of cumulative charge. It is quite logical since the corrosion process is linked to the
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presence of the artificial crack and water bleed defects at SCI which are the same in Zhang and in our
experiments. A delay in time to induce the first corrosion-induced crack was found between Zhang
experiments and our experiments. Zhang found that the corrosion-induced crack appears after 17
wetting drying cycles, then only after a short period in the propagation phase; while we found that the

first corrosion-induced crack appears after 64 wetting drying cycles.

e Fibers allow to have a slight increase of corrosion degree before the appearance of the first
load-induced crack. Fibers allow also to control the opening the corrosion-induced cracks
during the corrosion process.

o Nevertheless, the initial goal was to check if an anodic control could occur in case of fibers
concrete due to the higher resistance to cracking. The conclusion is that fibers do not allow to
give an anodic control of corrosion and then the possibility of induction period is not linked to
a confinement of the corrosion products.

e The presence of top bar defects is associated with an important height of concrete and a
concrete formulation which have an important water bleeding. In this case, there is also a
higher porosity of concrete closed to the top surface. This higher porosity leads to premature
corrosion development even in absence of artificial crack. As a result, the corrosion
development in absence of artificial crack is not different of the one with the presence of crack
if the concrete cover is not sufficient : this conclusions was already drawn by Frangois [235]

and Yu et al. [169] and Zhang et al. [173].

2. Recommendations

Based on the results of this thesis, it appears necessary to perform the study of chlorides-
induced corrosion in presence of cracks and top bar defects, on samples with a covercrete at least
equal to 5 cm to avoid premature corrosion due to the increase of chlorides through the concrete

cover.
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