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Effet de la composition du béton et de 1a méthode d'auto-
cicatrisation sur le comportement d'adhérence du béton normal
fissuré et du béton autoplacant

Seyed Sina MOUSAVI OJARESTAGHI

RESUME

L'interaction entre la barre d'armature en acier et le béton environnant est un aspect crucial
contrdlant I'efficacité du comportement composite des structures en béton armé. De plus, un
bon comportement interfacial entre le béton et I'armature est nécessaire pour obtenir des
performances durables pour une structure en béton armé. Cependant, la plupart des études
précédentes se sont concentrées sur le comportement interfacial des barres d'armature avec le
béton environnant intact et exempt de dommages. Il n'y a que peu de recherches sur le béton
pré-fissuré avec différentes conditions de pré-fissuration. De plus, il existe un besoin de
développer des solutions pratiques pour atténuer les dommages interfaciaux dus au phénomeéne
de pré-fissuration. Par conséquent, cette thése se propose d'étudier expérimentalement et
analytiquement l'adhérence béton-acier d'armature en présence du phénomeéne de pré-
fissuration. En outre, une approche pratique est étudiée pour déterminer la possibilité d'auto-
guérison des fissures au niveau de l'interaction barres d'armature-béton. Deux types de
polymeres superabsorbants (SAP) sont utilisés dans les mélanges de béton, a des dosages de
0,25%, 0,50% et 1,0%, pour accélérer le processus d'auto-guérison. La méthodologie
expérimentale consiste en un processus de pré-fissuration avec des périodes de cure pour
cicatriser les fissures de fendage et la résistance. Le test de fendage (test brésilien) est utilisé
pour simuler le préchargement et obtenir les fissures initiales. Des largeurs de fissures allant
de 0.10 mm a 0,50 mm sont étudiées dans la présente thése. Un nombre total de 230 essais
d'arrachement sont réalisés pour obtenir la réponse interfaciale armature-béton en termes de
courbes enveloppes adhérence-glissement, permettant I'examen de la contrainte initiale, de la
résistance d'adhérence, de la résiduelle d'adhérence, de la contrainte d'adhérence moyenne et
de I'énergie absorbée par le mécanisme d'adhérence. Sept types de béton sont testés dans la
présente thése, y compris le béton normal (NC) avec un affaissement normal, NC avec
affaissement élevé (fluide), NC avec adjuvant entraineur d'air (AE), béton autoplagant (SCC),
NC modifié¢ avec SAP, NC modifi¢ avec SAP incorporant de l'air -entrain¢, SCC modifié avec
SAP. Enfin, des analyses statistiques sont effectuées pour mieux analyser et mettre en évidence
les principaux résultats. Les résultats expérimentaux montrent que la pré-fissuration engendre
une réduction importante au niveau de la résistance de 1'adhérence, la contrainte d'ahérence
moyenne et la résistance résiduelle d'adhérence. La dégradation de la résistance d'adhérence
est corrélée a la largeur de la fissure initiale. Les résultats montrent que des largeurs de fissures
supérieures a 0,15 mm ont un impact considérable sur les propriétés de I'adhérence. De plus,



VIII

les résultats montrent que le béton autoplacant (SCC) est moins sensible au phénomene de pré-
fissuration que le béton normal (NC). L'affaissement plus élevé du mélange SCC peut étre la
raison principale de cette observation. Concernant la méthode d'auto-cicatrisation, les résultats
indiquent que les particules de SAP favorisent de maniére significative la reprise de résistance
dans le béton pré-fissuré, exposé a des cycles humide-sec, surtout pour un dosage plus élevé
de SAP et une largeur de fissure inférieure a 0,30 mm. L'adjuvant entraineur d'air a un impact
considérable sur les performances du processus d'auto-cicatrisation, de sorte que le béton
contenant de I'AE a un facteur d'amélioration de cicatrisation plus élevé par rapport au mélange
dépourvu d'AE. L'analyse par microscopie électronique a balayage (MEB) montre une grande
quantité¢ de calcium, d'oxygene et de carbone dans les produits de guérison déposés sur les
surfaces internes et externes des fissures. Cette ¢tude serait une premicre étude de la
cicatrisation des fissures dans la région critique de l'interaction armature-béton, qui devrait étre
poursuivie par des recherches plus poussées, notamment l'effet de I'AE sur la cicatrisation des
fissures du béton SAP et I'influence d'ajouts cimentaires (SCM) sur les résultats de la présente
thése. De plus, les résultats de la présente étude démontrent que les particules SAP sont plus
efficaces dans les mélanges SCC, par rapport aux mélanges NC, pour cicatriser les fissures
initiales a l'interface barres d'armature-béton. De plus, les résultats de la Microtomographie
(Micro-CT) montrent que le facteur d'amélioration de la cicatrisation pour l'auto-scellement
des fissures est plus ¢élevé que celui de 1'auto-guérison (récupération de la résistance), car plus
d'efforts sont nécessaires pour la récupération de la résistance que la fermeture de la fissure.

Mots clés: adhérence-glissement, béton fissuré, composition du béton, polymere
superabsorbant (SAP), béton autoplagant, barres d'armature en acier



Effect of concrete composition and self-healing method on
bond behaviour of cracked normal concrete and
self-consolidating concrete

Seyed Sina MOUSAVI OJARESTAGHI

ABSTRACT

The interaction between the steel reinforcing bar and surrounding concrete is one of the most
important issues that control the efficiency of the composite behaviour of reinforced concrete
structures. Moreover, a good interfacial behaviour between concrete and reinforcement is
necessary to achieve durable performance for a reinforced concrete structure. However, most
previous studies have focused on the interfacial behaviour of reinforcing bars with the
undamaged and intact surrounding concrete. There are only few researches on pre-cracked
concrete with different pre-cracking conditions. Moreover, there is a need for developing
practical solutions to mitigate interfacial damages due to the pre-cracking phenomenon. Hence,
this thesis intends to experimentally and analytically study the reinforcing steel-concrete bond
behaviour in presence of the pre-cracking phenomenon. Additionally, a practical approach is
studied to determine the self-healing possibility of cracks at the rebar-concrete interaction.
Two types of superabsorbent polymers (SAP) are used in concrete mixtures, in dosages of
0.25%, 0.50%, and 1.0%, to accelerate the self-healing process. The used methodology consists
of a pre-cracking process along with re-curing periods (healing periods) for healing splitting
cracks. Splitting test (Brazilian test) is used to simulate pre-loading and to obtain initial pre-
cracking. Crack widths of 0.10-0.50 mm are studied in the present thesis. A total number of
230 pull-out tests are carried out to obtain the rebar-concrete interfacial response in terms of
bond-slip envelope curves, allowing examination of the initial bond stress, bond strength,
residual bond stress, average bond stress, and energy observed by the bond mechanism. Seven
concrete types are tested in the present thesis including normal concrete (NC) with a normal
slump, NC with flowing slump, NC with air-entraining admixture (AE), self-consolidating
concrete (SCC), SAP modified NC, SAP modified air-entraining NC, and SAP modified SCC.
Finally, statistical analyses are performed to better investigate and point out the main findings.
Experimental results show that the pre-cracking phenomenon leads to a significant reduction
in the bond strength, average bond stress, and residual bond stress. Bond strength degradation
is presented as a function of crack width. Results show that crack widths larger than 0.15 mm
have a considerable impact on bond properties. Moreover, Results regarding bond strength
reduction due to pre-cracking show that compared to NC, SCC is less sensitive to this
phenomenon. The higher value of slump flow can be the main reason for this observation.
Regarding the self-healing method, results indicate that SAP particles significantly promote
strength regaining in the pre-cracked concrete, exposed to wet-dry cycles, especially for a



higher dosage of SAP and crack width smaller than 0.30 mm. Air-entraining admixture has a
considerable impact on the performance of the self-healing process so that concrete containing
AE has a higher healing improvement factor as compared to the non-air-entraining mixture.
Scanning electron microscopy (SEM) analysis shows a large amount of calcium, oxygen, and
carbon in healing products at both internal and external surfaces of cracks. This study would
be an initial investigation of the crack-healing in the critical region of the rebar-concrete
interaction, which should be continued by further research, notably the effect of AE on the
crack-healing of SAP concrete and influence of supplementary cementitious materials (SCMs)
on the results of the present thesis. Moreover, results of the present study demonstrate that SAP
particles are more efficient in SCC mixtures, as compared to NC mixtures, to heal the initial
cracks at the rebar-concrete interface. Moreover, micro-CT scanning results show that the
improvement healing factor for self-sealing of cracks is higher than self-healing (strength
recovery) one, as more efforts are needed to regain strength recovery than the crack closure.

Keywords: bond-slip, cracked concrete, concrete composition, superabsorbent polymer
(SAP), self-consolidating concrete, steel rebar
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INTRODUCTION

The interaction between the reinforcement and the surrounding concrete, known as the “bond-
slip” phenomenon, plays a crucial role in the structural behaviour of reinforced concrete (RC)
members (Dehestani & Mousavi, 2015). This phenomenon strongly affects the behaviour of
RC members in both fields of limit and ultimate states (Eligehausen et al., 1983; Haskett et al.,
2008; Filip & Ahmad, 1988; Monti & Spacone, 2000). Bond-slip phenomenon affects the
structural efficiency of different sub-elements in an RC frame (Figure 0.1) including column,
foundation, interior, and exterior beam-column joint, beam (crack pattern, crack width, and
failure mode), and RC slabs. In the case of RC columns subjected to bending at the beam-
column joint or footing-column interface, significant-end rotations have been reported due to
the anchorage slip (Papadrakakis et al., 2013; Saatcioglu et al., 1992). In addition to the rotation
calculated from flexural analysis of an RC column, bond-slip phenomenon (or reinforcement
slip), additive rotation of reinforcement slip outside the flexure length leads to the greater drift
of columns, beams, and walls under lateral loads (Saatcioglu & Alsiwat, 1996; Sezen &
Setzler, 2008). By ignoring this additive rotation, the predicted lateral deformations may be
significantly underestimated (Saatcioglu & Ozcebe, 1989). Energy dissipation capacity of joint
(Eom et al., 2015), strutural behaviour of interior and exterior beam-column joints as well as
lateral deformation of RC frames (Fallah et al., 2013; Fernandes et al., 2013; Limkatanyu &
Spacone, 2003), stiffness of RC frame (Limkatanyu & Spacone, 2003), beam-end rotation
(Alva & de Cresce El, 2013; Coronelli & Mulas, 2001; Kwak & Kim, 2006; Kwak & Kim,
2010), and natural frequency of RC frame (Limkatanyu & Spacone, 2003) are affected by the
bond-slip phenomenon. Bond reduction along with slip occurrence in the column rebars cause
lower flexural moments of columns in interior joints as compared to the perfect bond
conditions, leading to a predominantly brittle failure mechanism in the beam-column joints.
Model without considering the bond-slip phenomenon has slightly lower natural frequency as
compared to the model with bond-slip, showing a stiffer model. Lateral stiffness of the RC

frame with considering the bond-slip phenomenon (rebar slippage) can be reduced. Moreover,



using the perfect bond link in the RC model can considerably increase the energy dissipation
as compared to the model including rebars bond-slip interface. Additionally, in the case of RC
beam-column joints, poor bond conditions may lead to insufficient anchorage of rebars within
the joints so that important rebar slippage may happen and transfer the anchorage point outside
the joint area. In this situation, the beam compression reinforcement on one side of the column
could essentially be in tension, leading to a drastic reduction in flexural strength and ductility.
Under cyclic loading, stress concentration is far steeper along the internal RC beam-column
joints as compared to the bond stress concentration at the extremities of the beams framing into
these joints. This indicates higher bond needs in the joints areas. So the bond strength is much
important in joints than along the beams (Hakuto et al., 1999). In the case of crack pattern, as
load increases, the depth and width of the cracks increase, while tensile stress in higher in the
steel bonded to the concrete between the cracks. Insufficient bond results in the formation of

much larger cracks and possible early failure of the beam.
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Figure 0.1 Effect of bond-slip phenomenon on structural performance of RC frame



0.1 Pre-cracking phenomenon and bond behaviour

The mechanism of load and stress transfer within the interface between reinforcing bar (rebar)
and surrounding concrete is called “bond”, which is shear stress along the interface of rebar
and surrounding concrete. Bond is, however, accompanied by a relative displacement between
the rebar and surrounding concrete, called “slip”. This interaction is denoted as “bond-slip
phenomenon”. The majority of the previous classic studies on rebar-concrete bonding
characteristics in reinforced concrete (RC) members have been carried out based on pull-out
tests, where rebar is pulled out from an uncracked specimen, which can be cylinder, prism or
cube (Figure 0.2(a)). In the pull-out test, the bond is controlled by the concrete strength and
rebar surface deformations (lugs) or by the tensile splitting strength of the concrete, denoted
as concrete cover. In the latter case, bond failure occurs due to the uncontrolled cracking of the
concrete specimen (Brantschen, 2016) (Figure 0.2(b)). Pull-out and splitting failures, as the
two main bond failure modes, can fundamentally affect the structural performance of RC
members. Enough concrete cover around the rebar and/or appropriate lateral confinement by
stirrups leads to a pull-out failure mode. As concrete cover increases, local rebar-concrete bond
strength increases. Effect of concrete cover can be characterized by the normalized ratio of
concrete cover-to-rebar diameter (c¢/dp). In the case of concrete without stirrups, the
preventive value is ¢ /d;, = 3.0 (Wu & Zhao, 2012). The bond splitting failure can occur at the
locations where the concrete cover and lateral pressure are not enough or reduced by corrosion
phenomenon and concrete spalling. Due to the brittle (and sudden) nature of bond splitting
failure mode, design codes and regulations considered different specifications to maintain pull-

out failure mode specially for RC joints and foundations, by using larger development length.
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Figure 0.2 Schematic representation of bond in uncracked concrete
Taken from Brantschen (2016)

One of the most relevant problems of steel-congested concrete structures is undesirable
cracking along with the reinforcing bar, denoted as the “pre-cracking phenomena” (Matsumoto
et al., 2016). Despite classic test setups on the bond-slip phenomenon, bond in real structures
frequently develops within cracked concrete, where cracks propagate in a plane where
reinforcement is also located (Brantschen et al., 2016), such as joints, shear walls, and two-
way slabs. Once cracking happens in the concrete near a bearing or joint, the performance of
steel rebar-concrete is unclear (Figure 0.3). The bond characteristics of rebar in real RC
members are consequently affected by the presence and propagating of these cracks and are

different from those considered in classic pull-out tests.
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Figure 0.3 Possibility of initial damages in concrete structures
Taken from Matsumoto et al. (2016)

Many practical situations with a high potential of cracks developing in the plane of the
reinforcement of structural concrete members are shown in Figure 0.4. Brantschen (2016) has
divided these cracks (of constant or variable over the thickness of the element) into two
categories (Brantschen et al., 2016). The first corresponds to structural members where the
opening of the cracks is controlled such as the flexural reinforcement in slabs (Dawood &
Marzouk, 2012) (Figure 0.4(a)), joints of precast elements with overlapping reinforcement
(Joergensen and Hoang 2015) (Figure 0.4(b)), suspension reinforcements or fasteners (Lotze,
1987) (Figure 0.4(c)), retaining walls (Figure 0.4(d)) or the anchorage of the web
reinforcement in flanged sections members (Rehm et al., 1978) (Figure 0.4(e)). The second
corresponds to cases where the development of cracks is uncontrolled (Brantschen et al., 2016),
such as delamination cracks at the level of the flexural reinforcement of arch-shaped members
or members without transverse reinforcement (Ruiz et al., 2015) (Figure 0.4(f)), and as it has
been observed in slabs due to environmental situations where the development of these specific
cracks can lead to a premature failure. Controlling of these cracks can be performed by ribs of
rebar (deformed rebar instead of plain rebar), sufficient concrete coverage around the rebar,

and transverse reinforcement for controlling crack widths (Brantschen et al., 2016).
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Figure 0.4 Schematic representation of practical cases for pre-cracked specimens
Taken from Brantschen (2016)

The presence (or propagating) of parallel cracks to reinforcement direction may considerably
affect bond behaviour in critical zones and can propagate to affect the global performance and
safety of reinforced concrete structures. For example, Kotsovos et al. (2013) carried out tests
on beam-column assemblies. They reported that bond failure, especially by splitting cracks,
leading to shear cracking shear cracking in the beam-column element (Kotsovos et al., 2013).
Extension of this crack leads to brittle modes of failure so that some researchers have proposed
to eliminate bond by use of polyvinyl chloride (PVC) pipe cover to the portion of steel bars
within the critical regions of beam-column connections (Iemura et al., 2004; Kotsovos et al.,
2013; Pandey & Mutsuyoshi, 2004). They used a rare approach to remove the plastic zone
from the joint to provide a stable behaviour of critical plastic hinges. However, this can make
discontinuity in the structural performance of the joints (Lobo & Almeida, 2015). As
neglecting the pre-cracking phenomenon leads to unclear effects on the structural behaviour of
steel-congested members, such as joints, it is essential to comprehensively study the residual
performance of structures after an earthquake (or an overstress) and present a practical solution

to recover a minimum level.



Researchers proposed some formulations to predict the reduced bond strength as a function of
the crack width concerning the reference strength in uncracked conditions (see Chapter 2).
However, as the test processes used in the literature were not uniform, the experimental
database gathered from the literature is not enough accurate. An increase of the slip associated
with the peak strength was also generally observed with the presence of a crack, and significant
changes arise in the several phases of the behaviour (bond-slip curve) as compared to
uncracked conditions including initial bond stress, bond strength, and residual bond stress
(Figure 0.5) (Brantschen, 2016). Before the bond strength, the reduced contact area between
rebar and surrounding concrete tends to limit the propagation of radial cracks as compared to
the case without cracks, until a premature failure of the extremity of the concrete cantilevers
takes place. The latter phenomenon generally results in a significantly smaller stiffness than
for the reference case in these initial phases. The contraction of the concrete in the direct
vicinity of the bar (associated with the partial closure of the mentioned radial cracks) then
controls a friction mechanism up to the development of the maximum force defining the bond
strength. With the increase of the relative displacement between the bar and the surrounding
concrete, a progressive smoothening of the interface initiates the post-peak phase. The related
stiffness is not strongly affected by the presence of a crack, independently of its opening
(Brantschen, 2016). Once the slip reaches a value corresponding approximately to the distance
between two consecutive ribs, the entire contact surface contributed to the force transfer and
only a residual strength can be further provided. The latter is reduced proportionally with the
embedment length available until the bar is entirely pulled-out of the concrete specimen
(Iemura et al., 2004). Although this scenario was proposed based on the experimental results
of Brantschen (2016), there is no specific analytical and empirical model to formulate the
characteristics of the modified bond-slip curve of pre-cracked specimens. Moreover, more
explanations are necessary to be described by researchers on the reduced contact pressure after

the pre-cracking phenomenon.
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Figure 0.5 Effect of pre-cracking on rebar-concrete bond strength
Taken from Brantschen (2016)

Remarkably, few investigations were conducted on the influence of cracks on the bond and
anchorage performance. Additionally, the methods of pre-cracking in the current literature vary
considerably, which makes difficult the interpretation and direct comparison of results. Hence,
the present thesis intends to conduct experimental and analytical investigations to
comprehensively study the effect of the pre-cracking phenomenon on bond-slip curves of
normal (NC) and self-consolidating concrete (SCC). This proposal concentrates on moderately
confined concrete members without transverse reinforcement. However, enough concrete
cover is considered to prevent premature bond failure of uncracked specimens (splitting

failure).

0.2 Self-healing method by changing concrete composition

Based on the literature review (see Chapter 1), the concrete composition is a significant missing
parameter in predicting the rebar-concrete interfacial properties and also can contribute to
preventing the bond failures (splitting failure) or healing the cracks that can be used as an initial
factor of deterioration. As shown in Figure 0.6, bond strength depends on different key
parameters including concrete compressive strength, surrounding confinement by transverse
reinforcement, concrete cover, embedded length, rebar type (plain, deformed, FRP,etc.), rebar

rib geometry, and bond test type. Most of them have been considered in the regulations and



specifications as key parameters in the predicting formulas. However, the concrete

composition has been neglected.
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Figure 0.6 Key parameters in the rebar-concrete interaction

As already mentioned in the previous studies (Guizani et al., 2017; Mousavi et al., 2017), the
compressive strength of concrete is the only parameter considered for determining bond
strength, while the concrete composition is defined by four other important parameters
including water-to-cementitious material ratio, powder content and type, admixtures, and
aggregate (Figure 0.6). Changing each of these components can change the concrete type.
Figure 0.7(a) summarizes the effects of using different concrete composition (type) on bond
strength of steel rebar, from 2009 to 2019. Current concrete design codes (CSA A23.3, 2014;
ACI-318R, 2014; ACI-408R, 2003) and existing predicting equations (Guizani et al., 2017;
Wu & Zhao, 2012) for bond strength only considered compressive strength of concrete without
considering the effect of concrete composition (Wu & Zhao, 2012). To make a direct
comparison of results for each batch, the effect of concrete composition (including
compressive strength) is isolated by comparing it to a reference concrete, which is illustrated
in Figure 0.7(b). In some cases, a conflicting trend is reported as a result of using different

concrete compositions such as SCC, fly ash concrete, and lightweight concrete. For instance,
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pull-out results of silica fume concrete showed higher bond strength as compared to the normal
concrete (NC) (Abadjiev et al., 1993; Bubshait & Tahir, 1997; Dybel & Furtak, 2015; Fu &
Chung, 1998; Gjorv et al., 1990; Helland et al., 1988; Hou & Chung, 2000; Khedr & Abou-
Zeid, 1994; Monteiro et al., 1989; Mor, 1993; Sancak & Simsek, 2011; Sfikas & Trezos, 2013;
Songpiriyakij et al., 2011; Tanyildizi, 2009; Trezos et al., 2014; Turk et al., 2010). Additions
of silica fume to concrete caused a considerable impact on reducing the interface porosity up
to a distance of 40 microns (Zayed, 1991). Hence, it can clearly indicate that concrete

composition can affect rebar-concrete interfacial properties.

Influence of type and content of powders, used in the concrete mixture, on bond strength can
be a good option for changing the structure of rebar-concrete interfacial behaviour and improve
the damaged layers around the rebar caused by splitting cracks. There is no research on
explaining a method for repairing the bond damages in the normal area of RC or even steel-
congested concrete. Hence, this thesis intends to determine the possibility of an efficient
method to improve the rebar-concrete interfacial properties considering splitting cracks, which
results in bond failure. Although there has been a growing tendency to find an efficient way of
the crack-healing in concrete structures to regain mechanical strength, no specific research has
been concentrated on healing cracks at rebar-concrete interaction after initial damages. This
thesis intends to apply a novel experimental and numerical study of the effect of concrete
composition on bond behaviour (including notable strength) with pre-existing cracks. This
study investigates also the effect of concrete composition on the healing of the internal cracks
(and also external), through the recovery of bond properties in NC and SCC. Superabsorbent
polymer (SAP) is considered as a healing agent inside concrete mixtures, denoted as SAP

concrete, to accelerate the self-healing performance of concrete.
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Figure 0.7(a) concrete types studied in bond studies (2009-2019);
(b) dominant impacts of concrete types
Taken from Mousavi et al. (2020)

Concrete has the ability to heal the internal or external cracks. Although extensive research has
been performed to confirm the autogenous healing of concrete, there is no study specific to
this phenomenon about rebar-concrete bond-slip behaviour. There is a limitation of crack width

for using autogenous healing of concrete without any healing agents inside the mixture (Lee et
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al., 2016; Snoeck et al., 2012). To accelerate this autogenous healing and increase the ability
for healing larger crack widths, healing agents (such as superabsorbent polymers) have been
introduced by researchers (Mignon et al., 2015; Snoeck & De Belie, 2015; Snoeck & De Belie,
2019; Snoeck et al., 2012; Snoeck et al., 2014). These healing agents have the ability to absorb
the water and to release it after cracking accelerates the crack-healing inside the specimen.
Both the unhydrated cement particles and water resources inside the concrete are necessary to
provide appropriate conditions for the healing process (Figure 0.8). Selecting the healing
agents for accelerating autogenous healing is an important part of this study. Previous research
has proved that external curing is not efficient enough for providing water sources to continue
the crack-healing by rehydrated un-hydrated cement particles inside the concrete (Bentz &
Weiss, 2011; Castro et al., 2010). External water curing is only able to enter several millimetres
into mixtures with a low water-to-cement ratio, while internal curing allows the water to be
distributed more equally across the cross-section (Meng, 2019). Thus, healing agents inside
the concrete can be used also as internal water resources for activating the rehydrating. So, this

proposal aims to study the effect of both autogenous healings of NC with and without these

healing agents (powder type) for healing the pre-cracked concrete.
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Figure 0.8 Mehcanisms of autogenous healing of cracks in concrete



CHAPTER 1

STATE-OF-ART AND RESEARCH METHODOLOGY

This chapter intends to review the previous studies on the effect of the pre-cracking
pheonmnon on rebar-concrete bond properties, along with previous researches on self-healing
method to identify gaps in previous works. Additionally, the research objectives of this thesis
and the general methodoly followed to reach such objectives are presented in this chapter.
Moreoer, effect of SAP particles on mechanical and self-healing peroperties of concrete
mixtures are reviewed. As shown in Figure 1.1, there are three main sections in this chapter.
In the first section 1.1, the fundamental properties of the bond-slip phenomenon are explained.
Section 1.2 reviews the previous research on the effect of concrete composition on bond
strength are explained. The focus of this subsection is on the effect of powder type on the bond
strength. Section 1.3 determines the main difference between NC and SCC. In section 1.4, the
effect of pre-cracking on bond strength has been determined. Section 1.5 gives a description
of the self-healing process and the main different ways of self-healing in cementations
material. Sections 1.6 to 1.10 present respectively research gaps, objectives, adopted

methodoly, limitations, and original contributions of this thesis.

,» 1.1 Bond-slip behavior of steel reinforcing rebar in concrete
~ = 1.2 Effect of concrete composition on bond strength
. 1.3 Self-consolidating concrete (SCC) vs NC
_____ » 1.4 Effect of pre-cracking on bond strength
---------------- > 1.5 Self-healing method

- > 1.6 Research gaps in the literature

~-

> 1.7 General and specific objectives of the thesis
4 1.8 Methodology of the thesis
N\ S 1.9 Limitations of the thesis

110 Original contributions of the thesis

Figure 1.1 Overview of sections in Chapter 1
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1.1 Bond-slip behaviour of steel reinforcing rebar in concrete

Interfacial bond stress between reinforcement and concrete allows longitudinal forces to be
transferred from concrete to rebar and inversely. Consequently, the force varies along the rebar.
Once steel strains vary from concrete strains, a relative displacement between the rebar and
concrete, denoted as rebar “slippage”, appears. As shown in Figure 1.2(a), the distance between
two adjacent cracks in RC member is called by S, (Dehestani & Mousavi, 2015). The concrete
placed between the bending cracks contributes to the tensile strength of the cross-section, while
in the cracked section, the concrete has no influence on the tensile strength and the tension
force is transferred to the rebar. This can result in stress concentration in rebar at the cracked

section (Figure 1.2(b)).

(b)

Figure 1.2 Local bond-slip phenomenon (a) cracked flexural RC member;
(b) stress distribution; (c) strain distribution
Taken from Dehestani & Mousavi (2015)
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As illustrated in Figure 1.3, there are two main bond failure modes including pull-out failure
and splitting failure. Inadequate confinement surrounds the rebar leads to a brittle and sudden
bond fracture, called splitting failure mode, where splitting cracks propagate in the plane of
the rebar (Figure 1.3(a)). Enough concrete coverage around the rebar, adequate lateral
confinement by stirrups, and appropriate rebar lug pattern (rib height-to-spacing ratio) can
provide good bond condition following by pull-out failure mode (Figure 1.3(b)). The pull-out
failure mode is accompanied by concrete shearing off between adjacent ribs along with local
concrete crushing at the rib front. Frictional bond strength can be activated after this failure,
denoted as “residual bond stress”. Concrete design codes and regulations intend to recommend
critical specifications to provide pull-out bond failure instead of the sudden splitting failure.
Rebar corrosion products (rusts) generate micro-cracks at the rebar-concrete interface,
resulting in increasing the risk of splitting bond failure. So, design codes mostly concentrate

on the rebar corrosion field.

Typical bond-slip curves of pull-out and splitting bond failures are shown in Figure 1.3(c).
Initial bond stress (7 7), maximum bond stress (called bond strength, 7,,,, ), residual bond
stress (T,es), average bond stress (7,,), slip corresponding to the maximum bond (S,,45), slip
corresponding to the residual bond (S,.s), and area under bond-slip curve till residual strength
(bond energy, E) are the main bond characteristics, which should be considered for every bond-
slip curve. Initial bond stress (7, 1) shows the chemical adhesion between rebar and concrete
and represents a small section of ascending branch till slip of 0.01 mm. After this section, the
mechanical interlock phenomenon between rebar surface deformations (lugs) in contact with
concrete (bulk matrix) starts till bond strength (7,,4,). There is a plateau in this section for
pull-out failure mode as compared to the splitting failure mode, in which a sudden drop
happens. Descending branch of the bond-slip curve corresponds to the concrete shearing off
between two adjacent ribs (for pull-out failure) and/or wedging of concrete combs and
widening of splitting cracks (for splitting failure) till residual bond stress (7,..;). The latter
corresponds to the frictional resistance between the sheared-off part of the concrete and the
rebar. After reaching this characteristic strength (residual bond stress), the bond-slip curve

follows a plateau, practically constant. In addition to these parameters, RILEM
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(Recommendation RC 6, append to RILEM TC (1994)) defined arithmetic mean of bond
stresses, denoted as “average bond stress, 7,,”, formulated by the average of 71, 7o 10, and
T1.00 bond strengths corresponding to bond stresses at slips 0£ 0.01, 0.10, 1.00 mm respectively.
Another important bond parameter is the area under the bond-slip curve until residual bond
stress, called “bond energy”, which is shown by “E” throughout the present thesis. The
schematic figure shows that area under the bond-slip curve is significantly higher for pull-out
failure (Epyji—out), as compared to the splitting failure mode ((Espitting). This can clearly
show that pull-out failure mode is a ductile failure while brittle and sudden failure happens for
splitting failure mode. Moreover, bond strength is significantly lower for splitting bond failure
than pull-out failure. Regarding slip corresponding to the bond strength, S,,,,,, different values
were reported in the literature. Unified bond-slip model presented by Wu & Zhao (2012)
obtained the domain of 0.14-3.0 mm, while the CEB-FIP Model Codes (fib Model Code 2010,
2013; MC90, 1993) proposed a range of 0.6-3.0 mm. A similar scattered data was obtained by
the experimental results of Guizani et al. (2017). Regarding slip corresponds to the residual
bond stress (S;..5), Eligehausen et al. (1983) recommended the value equal to clear rib spacing
which is logical and fully compatible with the physical explanation/mechanism of the bond.
General results of the present thesis in the following chapters used values between 6-10 mm
(less than the approximate value of clear rib spacing). By this speculation, bond energy can be

calculated until 6 or 12 mm, depend on the study objectives.

1.2 Effect of concrete composition on bond strength

As explained in chapter of “INTRODUCTION”, the concrete composition is a missing
parameter in predicting bond-slip behaviour. To clarify this hypothesis, the general results of
a detailed review are shown in Table 1.1. Concrete sedimentation (or bleeding) can
significantly affect the bond, denoted as “top rebar effect”, which is considered in design codes
by considering a reduction factor for bond strength. However, the effect of other parameters is
neglected. Powder types used in the literature (showed before in Figure 0.7) have considerable

effects on bond strength.
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Figure 1.3 Schematic of local bond-slip envelope curves: (a) splitting failure;
(b) pull-out failure mode and wedging action; (¢) bond characteristics
Taken from Brantschen (2016) and Kim et al. (2018)



18

Table 1.1 Effect of concrete composition on bond
Taken from Mousavi et al. (2020)

Parameters
References .
Items studied
Improved Decreased No effect | f'.| C | d,
(Dakhil et al., 1975;
Sedimentation Khayat & Guizani, | (Thrane et al.,
or Slump (Pop etal., 2015) 1997;  Welch & | 2010) X X
Patten, 1965)
Chemical (Collep grd1 & C.orrad1, 1979; Hossam&. (Brettmann et al., | (Zilveti et al.,
dmi Lachemi, 2008; Musser et al., 1985; 1986) 1985) X X
admixtures Sfikas & Trezos, 2013)
(Marti-Vargas et al.,
2013; Marti-Vargas
Water/cement | 1 ¢ Chung, 1998) etal, 2012; Sfikas & | - x | x | x
ratio Trezos, 2013; Zhu et
al., 2004)
Fillers (or binders)
(Arezoumandi
et al., 2013;
(Arezoumandi et al., 2015; Naik et al., Gopalakrishna
Fly Ash 1989) (Cross et al., 2005) n et al, 2005; X X X
Volz et al,
2012)
Metakaolin (Sancak et al., 2016) glé?rze;han etal, | X
(El-Feky et al., 2016; Hashemi &
MirzaeiMoghadamb, 2014; Hashemi &
. Sedighi, 2016; Ismael et al., 2016;
Nano-material Sadawy & Elsharkawy, 2016; Serag et | ~ ) X x X
al., 2017; Tastani et al., 2015; Tastani et
al., 2016; Zhang et al., 2015)
(Abadjiev et al., 1993; Bubshait & Tahir, | (1amad, 2000;
X Hamad & Machaka,
1997; Burge, 1983; Gjorv et al., 1990; 1999: Hamad & Ttani
Silica fume Karatas et al., 2010; Monteiro et al., ’ > - X X X
) . > | 1998; Hamad &
1989; Sancak & Simsek, 2011; Sabbah, 1998: Hwang
Tanyildizi, 2009; Trezos et al., 2014) et al., 1994)
. Mo et al,
Slag (Zhu et al., 2004) (Xia et al., 2006) 2015) X X
Limestone (Zhu et al., 2004) (Pop et al., 2013) - x x
powder

Although researchers have found conflicting results, the main findings can be summarized as

follows:

- Concretes with a large settlement and bleeding characteristics could cause an appreciable

loss of bond in practice.
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For a given slump, concrete mixtures containing superplasticizer have higher bond
strength, as compared to those containing no superplasticizer.

Lower water content in concrete reduces the accumulation of bleed water under rebar,
which results in higher bond strength.

Adding nanopowders have a great effect on bond strength.

Conflicting results have been deduced from using powders or fillers to improve bond

strength.

By reviewing the famous equations regarding development length in ACI, the importance of
the concrete composition on bond strength would be highlighted. The minimum length of rebar
embedded in concrete to develop the maximum tensile stress is called development length.
Good bond conditions provide a condition in which shorter development length is required.
Different normalized models are used in the specifications for formulating the development
length of steel rebars in NC. ACI Code (ACI 318R, 2014) proposed Eq. (1.1) for the

development length of tension-loaded straight steel rebar in normal intact concrete, /s (in).

3 f apy
o= w(i77) (K| D
b

where f,, is the yield stress of the steel rebar in psi, and ¢ is the concrete cover in inches. Factors
a, B, and A take into account the effects of rebar location, epoxy coating, and lightweight
concrete respectively. A rebar location factor of 1.3 is used in American (ACI 318R, 2014)
and Canadian standards (CSA Code A23.3, 2014) for rebar placed so that more than 12 in.
(300 mm) of fresh concrete is cast below and 1.0 for other rebar locations. ACI Code (318R,
2014) defines different values for coating factor including 1.5 for epoxy-coated rebar with
concrete cover less than 3d,, or clear spacing less than 6d,,, 1.2 for other epoxy-coated rebars,
and 1.0 for uncoated rebar. CSA Code (A23.3, 2014) and ACI Code (318R, 2014) standards
specify 0.75 for lightweight concrete and 1.0 for normal-weight concrete. The term vy is a factor

for rebar size in which the value of 0.8 has been considered for a rebar diameter of NO.6 (19.05
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mm) or smaller and 1.0 for other diameters. In the Eq. (1.1), k+ defines the effect of stirrups
and confinement on the bond strength, which is ignored in this study. However, similar to
confinement provided by stirrups, the concrete cover leads to an important influence on
confinement around the rebar by resisting hoop stresses (Desnerck et al., 2015) leading to an
increase in bond strength. The effect of concrete cover is considered in Eq. (1.1) by the term ¢
normalized by rebar diameter, d». However, as shown in chapter of “INTRODUCTION”
(Figure 0.7), along with Table 2.1, Eq. (1.1) is not applicable and efficient for different types
of concrete. Only the effects of lightweight aggregate and concrete sedimentation are
considered in Eq. (1.1), while there is no specific parameter for different types of powders.
Besides, regarding lightweight aggregates, there is no direct trend. However, Eq. (1.1) just
present a reduction factor for lightweight aggregate without determining the type of
lightweight aggregate. Finally, this review indicates that contrary to the current formulations,
the concrete composition can be a good option to improve rebar-concrete interfacial properties
and control the damages at the rebar-concrete interface (Mousavi et al., 2017; Mousavi et al.,

2016).

1.3 Self-consolidating concrete (SCC) vs NC

Self-consolidating or self-compacting concrete, often abbreviated SCC, would replace a

significant portion of NC within the next decades especially in developed countries (Said &

Nehdi, 2007). Higher content of fine aggregate along with using fillers makes it possible for

SCC mixtures to have higher characteristic fresh properties so that this type of concrete has

the potential to practical use in the steel-congested area in RC members. Different definitions

of SCC have been used from researches and also industry associations across the world, for

instance:

I- A concrete that “can be compacted into every corner of a formwork, purely by means of
its weight and without the need for vibrating compaction.” (Amura & Ouchi, 1999).

2- SCC is an advanced concrete mixture that does not need vibration for placing and
compaction, which reduces the amount of formwork. It can flow under its weight, filling

formwork and attaining complete compaction, even in the steel-congested area in RC
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members. The hardened concrete is dense, homogeneous and has the same mechanical
characteristics and durability properties, as compared to NC (Daczko, 2012).

3- SCC is an extremely flowable and non-segregating mixture that can spread into place, fill
the formwork, and encapsulate the reinforcement without any mechanical consolidation

(ACI 237R, 2007).

SCC is obviously recognized by its fresh properties. Portland cement, fine aggregate, coarse
aggregate, water, chemical admixtures (superplasticizer and viscosity modifying admixture),
and typically supplementary cementitious materials such as fly ash, slag, silica fume, and
metakaolin are typical SCC composition. Moreover, mineral fillers such as limestone powder
can be as filler in SCC mixtures. To have a high flowable SCC mixture, different types and
dosages of superplasticizers are used along with viscosity modifying admixtures to keep the
stability of mixture, prevent concrete segregation, and improve the mixture’s consistency. Both
mineral and chemical admixtures play a major role in producing SCC mixtures. Many
researchers have proposed SCC mixture proportions, that usually have a higher cementitious
or powder content, and having a lower per unit volume of coarse aggregate, as compared to

NC (Figure 1.4) (Daczko, 2012; Jacobs & Hunkeler, 1999).

admixture —,

—
=
=
—
=

—air
water

mix proportion [Vol.-%]

aggregate
grainsize 2/16
40
aggregate
20 grainsize 0/2
filler
- cement
0
normal vibrated self-compacting
concrete concrete

Figure 1.4 Difference of mixture composition between NC and SCC
Taken from Holschemacher & Klug (2002)
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1.3.1 Fresh properties of SCC

As illustrated in Figure 1.5, SCC has considerably higher workability characteristics, as
compared to NC. SCC mixtures need to have specific fresh properties including filling ability,
passing ability, and stability. These new properties can be characterized by a slump flow test,
Tso value, V-funnel test, J-ring, and L-box test. The slump flow test shows the filling ability of
SCC mixture. The viscosity of SCC mixtures can be quantified by Ts, and V-funnel tests.
Passing ability also can be measured by L-box (height ratio) and J-ring step tests. Among these
tests, slump flow and Ty, values are obligatory to be reported in the studies. Slump flow value
can be obtained by measuring average diameter (from two perpendicular directions) of
concrete after the horizontal free flow of mixture in the absence of obstacles. Once the flow
reaches the diameter of 50 cm, the time is recorded, denoted as T5,. Segregation phenomenon
is critical in this test so that different trial mixtures are necessary to be performed before the
main batch. Good segregation resistance can be obtained when the distributions of aggregate
particles in SCC mixture are somewhat equal at all locations. Segregation resistance can be
checked by a sieve segregation test (%), which is comprehensively explained by Euro-
EFNARC Guidelines (EFNARC, 2002). Standard criteria recommended by the codes and the
literature for the slump flow test and T5, of SCC mixtures are summarized in Table 1.2. Range

of 500-800 mm for slump flow and T, > 2 are accepted values.

él Low Slump H Moderate Slump |—| Flowing Slump |—| SCC H

Figure 1.5 Workability Continuum from low slump NC to SCC
Taken from Daczko (2012)



Table 1.2 Standard criteria for slump flow and T50 of SCC mixture

23

ASTM- Nagataki & | CSA A23.1-
Test Efg)ggc C1611/C16 D(gg:)";;e Fujiwara 14/A23.2 glsggf)
11M (2009) (1995) (2014)
Slump flow | <o 200 | 508-660.4 | - 500-700 500-800 | 500-760
(mm)
Teo (3) ; ; 1812 |- ; 3-15

1.3.2 Hardened properties of SCC

Compressive strength, splitting tensile strength, elastic modulus, shear strength, and bond
strength are the main hardened properties of SCC. Different experimental studies were
conducted to determine the mechanical characteristics of SCC, as compared to NC.
Holschemacher & Klug (2002) reviewed the previous studies on SCC mixtures and reported
that the compressive strength of SCC and NC is similar for the same water-to-cement ratio.
However, there is scattered data for the same-water-to-powder ratio, since the amount of
cement can be replaced by different types of filler such as limestone powder, fly ash, etc. effect
of these fillers on hydration process is different. Regarding splitting tensile test, data analysis
conducted by Holschemacher & Klug (2002) shows that splitting tensile strength of SCC is
slightly higher than NC. It can be attributed to the lower porosity, good pore size distribution
within the interfacial transition zone, and denser bulk matrix of SCC mixture due to the higher
amount of fine particles, as compared to NC. In the case of elastic modulus, Persson (2001)
reported that there is no considerable difference between elastic modulus of SCC and NC. In
this field, Biolzi et al. (2014) showed that that large-scale SCC beams have similar shear
strength accompanying by a more brittle behaviour, as compared to NC. Different water-to-
cement and water-to-powder ratios were considered in their research. Also, different
compressive strengths were obtained for NC and SCC. Similar results were obtained by Choi
et al. (2012) for the shear strength of SCC members. Akinpelu et al. (2019) reported that higher
powder content along with lower coarse aggregate in SCC has no impact on the mechanical

properties, while Krishna et al. (2010) reported that size and content of aggregate in SCC have
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considerable influences on the mechanical properties. Comprehensively explained models for
predicting the compressive strength of SCC as a function of water-to-binder ratio were
proposed by the recently published book of Kodeboyina (2018). Although many investigations
showed higher bond strength of steel rebar embedded in SCC as compared to NC (de Almeida
Filho et al., 2008; Mousavi et al., 2017; Sonebi & Bartos, 1999; Valcuende & Parra, 2009),
Esfahani et al. (2008) reported that SCC mixtures have lower or the same bond strength, as
compared to NC. Sfikas & Trezos (2013) attributed these inconsistent results to SCC mixtures
and the experimental conditions. As different types of filler, aggregate type and aggregate
dosage (fine-to-coarse ratio) can be used for producing SCC, conflicting results can be
expected for mechanical strength. However, general results show that SCC has comparable

mechanical characteristics with NC.

14 Effect of pre-cracking on bond strength

Cracks are inherent to reinforced concrete structures and develop when tensile stresses locally
reaching the material strength. They can result either from external action (overload) or from
the restraint of deformations (shrinkage, environment variations, and support settlements). The
relatively low tensile strength of concrete requires the disposition of a material reinforcement
to limit the propagation of the cracks and the related risk of collapse of the concrete members
(Brantschen, 2016). As former code provisions generally define the maximum width of these
cracks (Figure 1.6), current ones rather tend to prefer the limitations of the stresses in the
reinforcement due to the uncertainties associated with the random nature of cracking in
concrete. Indeed, this phenomenon is particularly complex to estimate and predict is structural

elements due to a large number of parameters involved.
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Figure 1.6 Allowable crack width according to codes:
(a) service loads; (b) quasi-permanent loads

In this field, Eligehausen & Bozenhardt (1989) have reported that the crack openings generally
do not exceed 0.4 mm under quasi-permanent loads-associated to the durability of the structure
and 0.6 mm under maximum permissible service loads, potentially affecting bond and
anchorage performance to a considerable extent. Although it is possible to distinguish regions
of a structure that might stay uncracked during its service life, it seems reasonable to assume
that elements such as reinforcement rebars or anchorages have a higher probability to be
situated in cracks. In fact, it has been observed that cracks tend to develop in these specific
positions, as high tensile stresses are present resulting from the activation of several force

transfer mechanisms between concrete and steel (Bergmeister, 1988; Lotze, 1987).

Until now, specific test setups have been introduced to experimentally study the effect of in-
plane cracks on interfacial rebar-concrete characteristics (Desnerck et al., 2015; Gambarova &
Karakog, 1981; Gambarova et al., 1993; Gambarova & Zasso, 1985; Idda, 1999; Mahrenholtz,
2012; Simons, 2007). Based on these test results, several formulations were proposed by
researchers to determine the reduced bond strength (T.r4ckeq) s @ function of crack width (w)

with respect to the reference strength in uncracked conditions (T,ormaqi)- An increase of the
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slip associated to the peak strength is also generally observed with the presence of a crack, and
significant changes arise in the several phases of the behaviour compared to uncracked

conditions.

Gambarova & Karakog (1981) and Gambarova & Zasso (1985) have performed a number of
short pull-out tests on concrete specimens with performed cracks under active confinement on
rebars of 18 mm diameter (Figure 1.7(a)). They have introduced the first empirical
formulations to consider the effect of in-plane cracks on the bond performance (Eq. (1.2)). No
limitations range of this empirically-calibrated formulation was clearly defined by the authors,
but it was validated based on tests performed in a normal strength concrete and a short

embedded length (L/d},=3.0) for a maximum normalized crack opening (w/d}) close to 0.02.

(Tmax)e 20| 0.03

=—|+——0.15
(Tmax)o 9 dﬁ + 0.05 (12)
b

Based on the results of (Gambarova & Karakog, 1981; Gambarova & Zasso, 1985), Biuriani
and Plizzari (1985) proposed a general formulation in the frame of a more general work on the
bond phenomenon after splitting of the surrounding concrete (Figure 1.7(b) (Giuriani et al.,
1991; Giuriani & Plizzari, 1998)), which is linearly dependent on the normalized crack opening

as follows:

e =1 (27) 0

Although the value of the experimental coefficient proposed by the authors strongly limits the
practical application of the formulation (crack width up to 0.10 mm, d;,=18 mm), Eq. (1.3) has
the benefit of being relatively simple and pragmatic. Idda (1999) has performed a large
experimental program of relatively short pull-out tests in pre-cracked reinforced concrete ties,

varying parameters such as the bonded length (L/d,=3.5-12.5), the rebar diameters (6, 10, 20,
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28, and mainly 16 mm) and the type of concrete (normal and high-strength). Although the
longitudinal reinforcement of the test specimen was locally unbonded to minimize the passive
confinement during the pull-out of the rebar (Figure 1.7(c)), a variation of the crack width
could not be totally avoided. The exponential expression proposed by Idda (1999) (the function
of the ratio between the crack width and the maximum height of the rib) was empirically
adjusted by a dimensional analysis thanks to the significant amount of tests conducted.
Assuming Ay a0y = (4/3). fr-dp with fp = 0.056, the effect of cracks on the ultimate bond

strength can thus be derived from the original formulation as Eq. (1.4).

(Tmax)c — 3_5'1\/% (14)

(Tmax) 0

Despite the fundamentally different approaches presented by Idda (1999) as compared to the
model of Gambarova et al. (1981, 1985), it is interesting to mention that a similar trend can be
observed in both formulations. Based on the results of Idda (1999), additional finite element
analyses were conducted by Purainer (2005) to evaluate the importance of several parameters.
Finally, a linear correction term (also function of the crack width and maximum rib height)
was adopted and supported the negligible effect of the crack spacing and concrete strength on
bond performance. Considering as previously hy. 0, = (4/3). fr- dp with fr=0.056 and d;,=20
mm, it yields to Eq. (1.5), as follows:

(Tmax)c — \/_(1 + 2_) (15)

(Tmax) 0

The trend of this expression reasonably follows Idda (1999) but the influence of the crack is
slightly reduced due to the linear term considered. The range of application of the proposed
formulation is however strictly limited to that of the additional numerical investigations
performed by the author (crack openings from 0.05 to 0.5 mm, and rebars diameters 8, 14, and

25 mm).
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Figure 1.7 Bond tests in the pre-cracked concrete reported in the literature
Taken from Brantschen (2016)
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In this context, pull-out tests in pre-cracked concrete performed by Simons (2007) in large
reinforced concrete specimens (Figure 1.7(d)) on short embedded straight rebars (L/d,=5-8)
(in the frame of a more general study on the bond performance of various resins for post-

installed systems under solicitation) lead to the derivation of Eq. (1.6).

(Tmax)c w
=1—-264— (1.6)
(Tmax)o db

This equation was obtained considering a maximum crack width of 0.4 mm (value at which
the pull-out tests have been performed in the most severe cases) and d;=20 mm as a reasonable
average of the test diameters (12, 20, and 32 mm, with respectively fz = 0.091, 0.082 and
0.075). For filling the research gaps in bond fatigue in reinforced concrete under transverse
tension, Lindorf (2011) performed experimental pull-out tests in pre-cracked conditions. Their
test setup was composed of two perpendicular and independent frames aiming respectively at
the development of cracks in the concrete specimen (horizontal direction) and then to process
to the pull-out of the rebar (vertical direction) (Figure (1.7(¢e)). Although there is no specific
equation in this study, the author still confirmed the reported observations and trends in the
literature regarding bond reduction as a result of the pre-cracking phenomenon. Additionally,
using only 16 mm diameter rebars (fz =~ 0.09) along with a wall-defined test procedure leads
to very limited scatter in comparison to previous studies. Recently, some short pull out tests
(L/dp=5) on embedded rebars of diameter 16 mm (fz = 0.07) in pre-cracked sections were
conducted by Mahrenholtz (2012) on reinforced concrete ties (Figure (1.7(f)). Based on
reported results, and the aforementioned ones from the literature, a linear equation (Eq. (1.7))

was formulated for cracks smaller than the rib height (w < hy) with a good correlation.

(Tmax)c w
=1-10.0— (1.7)
(Tmax)o db

In this context, Desnerck et al. (2015) introduced a new test method to study the bond

behaviour of rebar in cylindrical cracked reinforced concrete specimens. Number of cracks,
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crack orientation, confinement and concrete cover are key parameters studied in their research.
They reported that the even small range of crack widths, 0.03—0.04 mm, resulting in a major
decrease of the bond strength. 44% and 54% bond strength reductions were obtained for
specimens with a single crack and double cracked, respectively. Although there is a clear trend
of decreasing the efficiency of the force transfer between steel and concrete in the presence of
cracks, a significant scatter arose amongst the proposed equations. This can be justified by the
fact that the existing formulations mainly have an empirical background, thus depending
mostly on the performed tests and calibration range. These disparities might result from the
consideration of several rebar types over the decades and a custom test setup for each of the

investigations.

1.5 Self-healing method

Penetration of aggressive liquids and gasses in the cracks can significantly affect the durability
characteristics of RC structures. Propagation of cracks through the RC member and growing
crack width can cause a condition in which reinforcement can directly be exposed to the
environment. When the reinforcement begins to corrode, the whole collapse of the RC structure
may occur. In this context, even the existence of small crack width can be important for the
life cycle of the RC structure. It appears clear that inspection, maintenance, and repair of
concrete cracks are all crucial, while they are cost-effective approaches. Moreover, inspection
methods are not completely efficient for finding internal cracks. Hence, researchers proposed
a promising method to increase the life of RC members by the so-called “autogenous healing
method” or “self-healing method”. Unhydrtaed cement particles in the bulk matrix (around the
aggregate and rebar) play a major role in this method. Hydration of unhydrated cement
particles and dissolution and subsequent carbonation of calcium hydroxide (Ca(OH),) are the
main crack-sealing and -healing mechanisms in this method. There is some limitations in the
autogenous healing method including providing water resources in the hardened mixture and
crack width. Different methods were proposed to solve these limitations (Figure 1.8). Similar
to the water-curing, the healing process needs water to be released gradually for producing

more hydration products. Therefore, a smart agent is necessary inside the mixture to keep the
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water and slowly release that. Moreover, to maintain cracks with small widths, fibers and
enough lateral confinement are necessary to increase the performance of the self-healing
method (Van Tittelboom & De Belie, 2013). Additionally, to increase the amount of
unhydrated particles, different types of cementitious materials with different water-to-powder
ratios can be used (Sahmaran et al., 2013). These modifications in the self-healing method are
called “accelerated self-healing method”, which is depicted in Figure 1.9. In this context, self-
healing in cementitious materials can be classified broadly into three groups of “intrinsic
healing”, “capsule-based healing” and “vascular healing”. It is worth mentioning that there is
a considerable difference between “crack-healing” and “crack-sealing”. Capacity of concrete
to close crack for preventing the entrance of aggressive liquids and gasses is called “crack-

sealing”, while the effect of these healing products for regaining mechanical strength is

denoted by “crack healing”.

Improved autogenous healing approaches

restriction of the improved hydration
crack width water supply and crystallization

Figure 1.8 Overview of autogenous self-healing approach
Taken from Van Tittelboom & De Belie (2013)
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Figure 1.9 Overview of self-healing methods

1.5.1 Self-healing of SCC

Only a few studies determined the effect of the self-healing method in SCC. Sahmaran et al.
(2008) experimentally studied self-healing of SCC incorporating high volumes of fly ash
subjected to water exposure (water re-curing). They used fly ash replacement ratios of 0%,
35%, and 55% in SCC mixtures were prepared to have a constant water-to-binder ratio of 0.35.
They used uniaxial compression loading to simulating pre-cracking (micro-cracks) in
specimens up to 70% and 90% of the ultimate compressive load. Percentage of loss in
mechanical properties was used as the damage index. Damaged specimens were kept in water
for a month to healing cracks. Mechanical properties were recorded every two weeks by
compressive strength test and ultrasonic pulse velocity (UPV) method. Their results showed
that healing periods caused 7.0% strength reduction in fly ash-contained SCC as compared to
the value 27.0% just after the pre-loading test, indicating considerable healing. However, the

lower healing percentage was obtained for SCC mixtures without fly ash. This can be attributed
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to the fact that fly ash has a low hydration process so that a large quantity of unhydrated fly
ash particles is available in the bulk matrix. This can increase the performance of the self-
healing method. In this context, Ramadan & Haddad (2017) investigated the self-healing
method and potential regaining of the mechanical properties of SCC mixtures. A water-to-
cement ratio of 0.45 was considered for SCC mixtures. To simulate pre-loading, different
compressive stress levels ranging from 80.0% to 100% of their ultimate load capacity were
applied to the specimens. Water and air re-curing process were considered to mitigate damages.
UPV test and compressive strength were conducted to measure damage healing index. Their
results indicated that re-curing (healing) in water is more efficient as compared to the air re-
curing process for both the crack-sealing and crack-healing. Their results showed that pre-
loaded SCC specimens, up to levels of 90% or less, were completely healed, while more than

90% damages lost considerable strength and re-curing could not mitigate the damages.

1.5.2 Effect of SAP on self-healing

Hydrogels, or superabsorbent polymers (SAP), can absorb an important volume of liquid from
the nearby atmosphere (up to 500 times their weight) and keep the liquid within their structure.
SAP particles swell due to the osmotic pressure variance between the hydrogel and the external
solution (Snoeck et al., 2012). SAP particles improve the self-healing method by preparing
water on the crack surface. This leads to a more sensible crack closure (crack-sealing) and
more strength regaining (crack healing) (Figure 1.10). Details of SAP used in the previous
studies are summarized in Table 1.3. Types of SAP, company name, dosage, and curing type

are mentioned in this Table.
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Figure 1.10 Mechanism of self-healing cracks using SAP
Taken from Lee et al. (2016)

Many previous researches studied the effect of SAP on the self-healing method. Snoeck & De
Belie (2015) reported that SAP concrete can totally heal cracks up to 30 pm, while crack width
30 < w < 150 pum was partially healed. Wet-dry cycles were considered for healing periods.
They found that at a relative humidity (RH) of more than 90%, the performance of the self-
healing method with SAP is significantly lower as compared to the wet-dry cycles. Moreover,
at a relative humidity of 60%, only the mixtures with SAP show partial healing. So, they found
60% < RH < 90% as the best condition for the self-healing method in SAP mixtures. Snoeck
& De Belie (2015) found that the macro-pores, generated by the shrinkage of SAP after
releasing water, could play as the crack initiators. Pre-loading tests conducted by Lee et al.
(2010) generated cracks with controllable width between 100-400 um on SAP-modified
cement paste and mortar. They studied the effect of SAP type on the crack-sealing and -healing.
They reported that Poly(acrylate-co-acrylamide) is more effective, as compared to
Poly(acrylate). Moreover, they found that larger SAP particle size shows more positive
influences on crack-sealing. In this context, Snoeck et al. (2012) used neutron radiography, as
a non-destructive test. Their monitoring technique found that by adding SAP inside the
mixture, both capillary water absorption and permeability of cracked concrete decreases. They
also observed that swelling of SAP at the crack faces leads to the crack blockage. SAP particles

can keep the water within their structure and the crack is sealed autonomously.
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Reference Type of SAP Dosage Remarks

SAP A: Copolymer of

acrylamide and sodium acrylate
Snoeck & De (particle size 100+21.5 pum) 0, 0.5, and 1 (%) mass SAP particles promote self-healing. The healed specimens

| e percent of SAP versus are able to regain some of their mechanical properties (up

Belie (2015) SAP B: Cross-linked potassium cement weight to 75%).

salt polyacrylate

(particle size 476.6+52.9 pm)

Poly(AA
Lee et al. PglyE N A; 3% SAP (by wt. of They compared three methods for estimating the swelling
(2()]0) P ly (AA-co-AM) cement) ratio of SAP in concrete.

oly(AA-co-
Poly(acrylate) (Paly(AA)) 5% Poly(acrylate)
oly(acrylate) (Poly Polv(AA 49

Leeetal. | ... % (]) }E( l))tor 8 The cumulative flow through specimens containing SAP
(2010) Poly(acrylate-co-acraylamide) oy ?Cry_; ;: _((;)0_1 (AA was significantly lower than for the control.

(Poly(AA-co-AM)) acraylamiae oly! -

co-AM))

Schrofl et al. . SAP counteracted autogenous shrinkage during the
(2012) B acceleration period of cement hydration.

Snoeck et al.

SAP B: a crosslinked potassium
salt polyacrylate (particle size
477+53um (n=50))

1 and 2% (m%) of
cement

SAP particles are able to seal the crack, thus allowing a

(2012) SAP C: a new synthetic vinyl- . recovery of the water-tightness of the structure.
based superabsorbent polymer weight
(particle size 420 £148um
(n=50))
Al-Nasra & 0.11 Adding SAP to the concrete mix makes the fresh concrete
Daoud (2013) | Sodium polyacrylate percent of the weight of | more plastic and uniform. This helps in placing and
cement finishing the concrete.
Al-Nasra Sodi ! lat The use of sodium polyacrylate in concrete may increase
(2013) odium polyactylate B the concrete strength due to internal curing process.
cross-linked
Lee et al sodium polyacrylate , Poly(AA) 1% Transport testing found that the flowrate through a 340 um
T SAP (by weight wide model crack is reduced substantially by using less
(2010) potassium poly-(acrylate-co- percentage of cement) than 1 vol.-% SAP.
acrylamide), Poly(AA-co-AM)
chr}ljl:n{i::lzi da Szg?srlr};mer of o SAP holfi the mixing water and do cause a densiﬁgqtion of
Snoeck & De | acrylate 0, 0.5, 1 mass-% the matrix and reduce the water permeability. Additional
R (m%) of cement water counteracts this effect and provides approximately
Belie (20 13) | e the same capillary microstructure and transport properties

SAP B: a cross-linked
potassium salt polyacrylate

weight,

compared to reference samples.

Snoeck et al.

SAP A: a copolymer of
acrylamide and sodium acrylate
(particle

size 100.0 + 21.5 um (n= 50))

0.5 or 1 m% by weight
of

SAP particles reduce the flow, cause a densification of the
matrix due to internal curing and reduce the strength due to

(20 ! 4) ta cross-linke(i '].Jotassium cement macro-pore formation.

salt polyacrylate (particle size

477 + 53 pm (n= 50)).
Mechtcherine monomer acrvlic acid 0.30 % by mass of SAP causes a considerable decrease in autogenous
etal. (2014) Y cement shrinkage attributable to internal curing.

Snoeck et al.
(2014)

SAP A being a copolymer of
acrylamide and

sodium acrylate

SAP B, a cross-linked potassium
salt polyacrylate.

0.5 or 1 m% by weight
of
cement

There was a regain in strength properties when specimens
with SAP were allowed to heal in wet/dry cycles (75%
after 28 days of healing).

Snoeck et al.
(2014)

SAP A= a copolymer of
acrylamide and sodium acrylate,
and SAP B, a cross-linked
potassium salt polyacrylate.

SAP can sustain hydration by yielding their absorbed water
and provide water for the precipitation of CaCOs.
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Lee et al. (2016) reported that high alkalinity and ionic content of the pore solution in SAP
cause swelling phenomenon. This absorbed water can help for cement hydration. Additionally,
the SAP re-swelling phenomenon can be happened by the ingress of an external solution with
low ionic concentration into the cracks. This was monitored by using a stereomicroscope. This
swelling cycle can block the crack and thus water penetration decreases. They found that the
crack-sealing can efficiently happened in width of 340 um by using 1.0% (volume) SAP. In
this field, Snoeck et al. (2014) reported that the smaller SAP is not efficient to seal a crack.
They attributed this observation to the fact that small size of SAP cannot bridge a crack

efficiently and may wash out.

In the view of compressive strength, adding SAP to concrete mixtures has two main influences
including (Jensen, 2013) (1) SAP generates macro voids in the concrete, resulting in the
reduction in compressive strength; (2) SAP acts as an internal water curing agent, which
increases the degree of hydration. The dominant impact of these two phenomena depends on
the water-cement ratio (w/c), the maturity of the concrete, the amount of SAP addition, and
the type of SAP. Although most of the previous studies reported the reduction of compressive
strength due to the SAP addition (see the section 1.5.3 of the present chapter), Al-Nasra &
Daoud (2013) (Al-Nasra, 2013; Al-Nasra & Daoud, 2013) observed that using sodium
polyacrylate, like SAP, leading to a slight increase in compressive strength. They attributed
this result to the internal curing effect of SAP (low dosage) in the concrete mixture, while a
higher dosage of SAP causes compressive strength reduction. There is no effect of SAP on
cement hydration for water-to-cement ratio higher than 0.45), where the impact of the macro
void on strength reduction is dominant in the SAP modified mixture. Some studies reported
that SAP addition causes a slight increase in compressive strength for a low w/c (< 0.45)
(Hasholt et al., 2012; Hasholt et al., 2010; Hasholt et al., 2010), as an internal curing agent.
However, extensive experimental results provided by Mechtcherine et al. (2014) showed that
generally, SAP leads to a reduction in compressive and flexural strengths. More experimental
studies are thus necessary for future studies for finding an adjustment between internal curing

effect and macro voids influences of SAP in the concrete mixtures.
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Regarding the fresh properties of SAP concrete, Lee et al. (2010) showed that the swelling
ratio of SAP affects the workability of the mixture by changing the water-to-cement ratio.
Moreover, the porosity of the hardened cement paste is modified. That is why additional water
along with appropriate superplasticizer needs to be used to compensate for the workability loss,
especially for a higher dosage of SAP in NC. In this context, to check the accuracy of the water
absorption capacity for a higher dosage of SAP, an approach proposed by Schrofl et al. (2012),
in which water absorption capacity can be obtained by just gradually adding water during
mixing to retain the slump constant. Regarding the workability of SAP concrete, Snoeck et al.
(2014) confirmed that additional water is necessary to keep approximately the same global
microstructure, which can be affected by the flowability and workability of mixture. However,
they deduced a debatable conclusion that the additional water causes also further hydration for

w/c=0.50 (Snoeck et al., 2014).

The properties and results of the experimental database are summarized in Table 1.4. More
details of these studies are presented in Table APPENDIX .1 (see page 299). SAP percentage,
water-to-cement ratio (w/c), total water-to-cement ratio (w;/c), additional water-to-cement
ratio (w,/c), concrete compressive strength (f'.), curing days, SAP size, and strength
reduction percentage are the main variables mentioned in Table 1.4. The author of this
dissertation tried his best to gather all available databases from the primary studies to the recent
ones. As mentioned in Table APPENDIX I.1 (see page 299), most of the previous research has
confirmed strength reduction due to using SAP in concrete mixtures. Regarding SAP size, the

maximum values of ranges reported in the literature were mentioned.
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Table 1.4 Collected test specimens for SAP mixtures in the literature

References SAP (%) w/c w./c wr/c | f'c (MPa)
Lam & Hooton (2005) 0,0.3,0.6 0.35 0,0.10 035,045 | 34.51-56.86
Igarashi & Watanabe (2006) 0,0.35,0.7 0.25 0,0.04,0.09 | 0.25-0.34 | 67.00-97.40
Piérard et al. (2006) 0,0.3,0.6 0.35 0,0.02,0.04 | 0.35-0.39 | 76-107
Lura et al. (2006) 0, 0.40 0.31,0.32 | 0,0.05 0.31-0.37 | 70.19-117.22
Mechtcherine et al. (2006) 0, 0.40 0.25 0, 0.04 025,029 | 129,132
Esteves et al. (2007) 0,0.20 0.25-0.35 | 0,0.05 0.25-0.40 | 49.97-84.24
]()21(1)((1)281;1( & Mechtcherine |, 4 024,025 | 003,005 | 028029 | 129-172
Craeye & De Schutter (2008) | 0.04,0.06,0.08 | 0.32 0-0.10 032-042 | 75.0-108.69
Dudziak & Mechtcherine (2009) | 0,0.3,0.4 0.22,0.27 | 0-0.07 0.22-0.31 94-225
Wang et al. (2009) 0,0.3,0.5,0.7 0.3,0.34 0-0.06 0.30-0.38 | 56.60-71.80
Hasholt et al. (2010) 0-0.6 0.35-0.50 | 0-0.07 0.35-0.57 | 36.36-75.52
Craeye et al. (2011) 0-0.42 0.32 0-0.19 0.32-0.51 | 59.72-97.25
Schrofl et al. (2012) 0,0.1,0.2,0.3 0.30 0-0.26 0.30-0.56 | 36.39-101.37
Olawuyi & Boshoff (2013) 0-0.6 0.25 0-0.19 0.25-0.44 | 49.38-106.12
Mechtcherine et al. (2014) 0,03 0.30 0,0.03,0.04 | 0.30-0.34 | 79.10-103.20
Laustsen et al. (2015) 0,0.07,0.15,0.3 | 0.45 0-0.13 0.45-0.58 | 43.0-63.0
Wang et al. (2013) 0-0.60 0.35 0 0.35 60.68-72.92
Snoeck et al. (2014) 0,0.5,1.0 0.50 0-0.3 0.50-0.80 | 20.36-61.98
Justs et al. (2015) 0,0.21,0.31 0.15,0.2 0,0.03 0.15-020 | 122.91-183.58
Kong et al. (2015) 0, 0.20, 0.40 0.29 0,0.05,0.1 | 0.29-039 | 32.29-84.19
Van Tittelboom et al. (2016) 0,1.0 0.27 0,0.07 0.27,0.34 | 47.70-58.40
Shen et al. (2016) 0.05,0.15,0.26 | 0.33 0-0.05 0.33-0.38 | 57.30-64.0
Mechtcherine et al. (2017) 0-0.60 0.45 0,0.05,0.07 | 0.42-0.50 | 33.20-58.0

1.5.3 Effect of SAP on compressive strength (statistical analysis)

This section intends to propose regression models for 7 and 28 days compressive strengths of
SAP concrete, based on the experimental database gathered from the literature (Table 1.3). As
shown in Figure 1.11(a), there is a weak correlation between 7-day compressive strength and

w/c ratio, while a good correlation is obtained for total w/c ratio (Figure 1.11(b), R? = 0.81).
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This shows the critical role of additional water added to the mixture in compensating water

loss due to SAP absorption capacity. Eq. (1.8) is obtained as follows:

-1.2

(f'd7a = 19.37 (%) (1.8)

Regarding 28-day compressive strength, Figures 1.11(c, d) show a similar trend that the total
water-to-cement ratio is more appropriate to predict the compressive strength of SAO modified

concrete. Similarly, Eq. (1.9) is obtained as follows:

Wy 14

(F'0),a, = 1875 ( - ) (1.9)

Minitab software (Minitab, 2014) is used to statistically analyze the database regarding
strength reduction of SAP concrete. Akima’s polynomial method is used to measure the
interfacial impacts of SAP percentage and w/c ratio. This method generates acceptable results
in some cases, while it can produce misleading results in other cases. Because this method uses
a fifth-order polynomial, it can estimate z-values at x-y positions beyond those you have
sampled that are too large or small (Minitab, 2014). The results illustrated in Figure 1.12
indicate that SAP percentage has considerable impact on strength reduction for both 7 and 28-
day strength especially for w/c < 0.35 in which SAP can cause considerable strength
reduction (more than 50%). While for w/c > 0.35, a low dosage of SAP (< 1.0%) has no
significant influence on strength reduction. At a low water-to-cement ratio, there is no enough
water in the matrix for internal curing, so the negative effects of macro voids generated by
SAP particles are dominant. Hence, even for w/c < 0.20, value of 0.20% SAP leads to 50%
strength reduction in SAP concrete. Accordingly, adding water to SAP concrete for having the
same slump causes initiating internal curing by SAP particles along with the following impacts
of macro voids after releasing water. These two phenomena have overlap on each other and in
some cases play a major role in mechanical characteristics of SAP concrete. Hence, comparing
the results of NC with SCC can show a constructive trend for future studies for working on

SAP in construction industries.
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Figure 1.11 Compressive strength of SAP concrete:

(a) 7-day strength versus w/c; (b) 7-day strength versus wy/c;
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1.6 Research gaps in the literature

As comprehensiely revied in the present chapter, theres is some research gap, which needs to

be filled by experimental studies including:

1. Only maximum bond stress (bond strength) reduction has been considered for the pre-
cracking phenomenon without introducing a bond-slip envelope curve.

2. Crack widths limited to less than 0.30 mm have been proided in the literature.

3. No specific analytical method has been presented to clarify the pre-cracking phenomenon
at rebar rib-front zone.

4. Only normal concrete (NC) has been used in the preivious experimental tests for studying
the pre-cracking phenomenon..

5. There has been no practical solution to partly mitigate the internal damages of the pre-

cracking phenomenon.

1.7 General and specific objectives of the thesis

To fill the current research gaps in the context of the pre-cracking phenomenon, the present
thesis intends to perform a comprehensive experimental and analytical studies. The main
objectives of the present thesi are to determine the effect of the pre-cracking phenomenon on
bond behaviour and present a method to mitigate the internal damages at the rebar-concrete
interface by using healing agent inside the concrete (Figure 1.14). Specific Objectives of the
present Manuscript-based thesis are as follows:

- Quantify the effect of the pre-cracking phenomenon on bond behaviour and (a) present a
modified bond-slip model; (b) introduce an analytical simplified model.

- Determine experimentally the effect of concrete type on bond behaviour of rebar in
uncracked & cracked concrete by considering different types of concrete mixtures
including concrete with different workabilities, concrete mixtures containing
superabsorbent polymer (SAP), and concrete mixtures air-entraining admixture.

- Determine the efficiceny of using superabsorbent polymers (SAP) to mitigate the pre-

cracking phenomenon by self-healing method with and without AE admixture.
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- Measure the effect of concrete composition and SAP type on self-healing method at the
rebar-concrete interface including (a) effect of SAP percentage; (b) effect of SAP type; (¢)

SCC vs NC for healing cracks; and (d) effect of air-entraining admixture
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1% of cracking along S :
i 3 the axis of rebar Solution conmete
'rf (pre-cracked) IO pcomierae
-\ = autogenous
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steel rebar
concrete

Rehydration of unhydrated cement and other
cementitious particles by water supply of
healing agents

Figure 1.13 Schematic representation of the general objectives of the present thesis

As shown in Figure 1.15, this dissertation is organized into 7 chapters. These chapters can be
classified into two main sections, named: “Explaining and investigating the problem” and
“investigating some proposed solutions”. The first section consists of three main subsections
of “description of pre-cracking”, “Presenting analytical model based on rebar geometry”, and
“Effect of concrete composition (flowability) on the pre-cracking phenomenon”, presented in
Chapters 2, 3, and 4 respectively. These chapters intend to describe and study the pre-cracking
phenomenon by experimental and analytical approaches. After explaining and investigating
different aspects of the problem (pre-cracking phenomenon), this thesis investigates the
potentiel and effeciency of a possible solution that is the self-healing method by SAP in three
main subsections of the “Self-healing method by SAP (Chapter 5)”, ”Effect of air-entraining
admixture (AE) on self-healing method (Chapter 6)”, and “Self-healing method in SCC
(Chapter 7)”. Chapter of “Conclusions” summarizes the experimental, numerical, and

statistical results. Finally, the last Chapter proposes some recommendations for future research.

Due to the schedule and limitations considered in the present thesis, some assumptions were
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considered for the experimental and analytical works. Hence, more efforts are necessary for

future studies, which are listed in the last Chapter, “Recommendations for future studies”.
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Figure 1.14 List of chapters considered for the present thesis

1.8 Methodology of the thesis

The overall plan of the present thesis is summarized in Figure 1.15 along with Figure 1.16.
Three main statuses of uncracked, pre-cracked, and healed specimens are considered for the
experimental program. To study the pre-cracking phenomenon, pull-out results of pre-cracked
concrete are compared with the results of uncracked concrete. To simulate cracks, the splitting
test (Brazilian) is used with a speed rate of 0.11-0.15 mm/min. Different crack openings are
considered to determine the effect of crack width on bond-slip curves. Direct pull-out tests are
considered for obtaining the bond-slip curve. As illustrated in Figure 1.16, comparing the
results of uncracked with pre-cracked concrete should provide a new bond-slip model

considering crack width to measure residual interfacial strength. The results of this section are
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summarized in Chapter 2 for NC. For every concrete batch, it takes 7 and 28 days for preparing
molds and curing time respectively. Along with the experimental program, an analytical model
is also described to simply present bond failure damage after facing the pre-cracking
phenomenon (Chapter 3). Along with NC with a slump of around 100 mm, NC with a slump
of 200 mm and also SCC are considered. The results of this section can show the effect of

concrete flowability on the pre-cracking phenomenon, which is presented in Chapter 4.

After 28 days curing

/\

Pull-out test for uncracked Pre-cracking test
specimens T :

Wet-dry healing periods
2
Pull-out test

Y

Y

Comparing the results

'

Obtamning healing improvement factor

Figure 1.15 Simplified scheme of the present study

The second part of the present study concentrates on the self-healing method (Figure 1.16).
This part intends to determine the efficiency of SAP on healing cracks due to the pre-cracking
phenomenon. Two types of air- and non-air-entraining concretes are considered for concrete
mixtures. Three dosages of 0.25%, 0.50%, and 1.0% SAP are used. Two types of SAP with
different chemistries and sizes, but the same water absorption, are provided for the self-healing

section. As shown in Figure 1.17, after pre-cracking specimens, some of them transferred to
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the water tank for wet-dry cycles, including 24 hours inside the water tank and 24 hours
outside. 14- and 28-day healing periods are considered. After finishing healing periods, direct
pull-out tests should be conducted to compare the results with pre-cracked and intact concrete.
Finally, the value of the improvement factor (IF) can show the performance of SAP concrete
on healing damages. Every concrete mixture needs 56 days (without considering mold and

material preparation) to finish this approach.
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Figure 1.16 Thesis research framework and methodology

As shown in Figure 1.18, to measure the healing improvement factor (IF) different approaches
are used in the present thesis including approaches A and B. In the approach A, used in Chapter
5, average bond properties of the healed specimens are compared with those of cracked ones
to measure specific values of the IF. In the approach B, bond properties of each healing

specimen are compared with the average values of the cracked ones. So, different values of the
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“IF” are obtained in approach B, and the average value of these “IFs” is determined as the

healing results.
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Zero value of IF corresponds to the specimens with lower or comparable bond properties than the cracked

specimen with constant crack width (Tyeqiea < Tprecrackea)s While IF > 0 represents the healed specimens
with higher bond properties as compared to those of pre-cracked specimens (Tyeqiea > Trrecracked)-

Figure 1.17 Analysis of healing improvement factor (IF) throughout the thesis

1.9 Limitations of the thesis

Due to the limitations in materials and schedule, some assumptions are considered in the

experimental and analytical parts of the present thesis as follows:

Only steel rebars of a nominal diameter of 10 mm are considered in the experimental
section, to be embedded in cylindrical specimens;

Embedded length of 5d,, (5 times the bar diameter) is considered;

Only one healing regime, wet-dry cycles, is considered for the self-healing part. A
maximum of 28 days is provided for the healing period. To increase this period, non-steel

reinforcement maybe needed for use (such as GFRP) to prevent possible corrosion;
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- Bar diameter and geometry are constant throughout the thesis. More experimental studies
are needed for future studies to determine the effect of rebar parameters on the pre-cracking
and the self-healing method;

- One dosage of air-entraining admixture (AE) is considered for air-entraining SAP concrete;

- The monotonic pull-out test is considered for the experimental program,;

- Normal fine and coarse aggregates are used for both NC and SCC;

- Microscopic image analysis is performed with a distance of around 7.5 mm from the rebar
edge;

- Vertical casting is considered for all cylindrical specimens;

- Three repetitions are considered for uncracked specimens. However, due to the brittle
nature of splitting tests (to simulate the pre-cracking), less than 3 specimens are tested for
the pre-cracked and the healed specimens. Although a displacement rate of 0.11-0.15
mm/min is considered for splitting tests, controlling cracks is not simple especially for
concrete cylinders with rebar located at the center of the specimen;

- There is no transverse reinforcement in concrete cylinders. Concrete cover around the
specimens is the only surrounding confinement considered for all the specimens;

- Normal water is considered for healing cracks;

- Constant room temperature and relative humidity (RH) were considered for healing.

1.10 Original contributions of the thesis

The present thesis, along with the recently published studies, intends to emphasize the
importance of the pre-cracking phenomenon and presents a practical solution to mitigate
damages. Only fib Model code 2010 considered this phenomenon in the design code, while
there is no even a simple regulation in other codes. Additionally, the formulations suggested
by the fib Model code 2010 are not practical and efficient (which is checked in Chapter 2).
Hence, more considerations are necessary to prevent the side effect of unexpected cracks near
the critical regions where rebar-concrete plays a major role such as joints, shear walls, and
slabs. Also, more practical techniques need to be described by codes to measure cracks. To

address this issue, the present thesis comprehensively studies the effect of the pre-cracking
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phenomenon on the bond-slip curve of NC and SCC. New macro bond-slip models are also
presented by modifying bond parameters as a function of initial crack width. Moreover,
modified ACI formulation is also introduced for predicting development length of rebar in the
cracked concrete. The efficiency of the regulation considered by the fib Model code 2010 is
also checked by the experimental results. Moreover, a new bond micro-model for precracked
concrete is also presented, as a function of rebar deformation. Finally, the effect of mixture
workability on the pre-cracking phenomenon is also checked by using different concrete
compositions with different slump flows. Generally, the present thesis investigates the effect
of concrete composition on the pre-cracking phenomenon by considering NC normal slump
flow (100 mm), NC with moderate slump flow (200 mm), and SCC with slump flow 600-700
mm. Briefly, the present thesis is an innovator effort, containing the mentioned novelties, to
determine the influences of key factors on bond characteristics of steel rebar embedded in
cracked concrete including crack width, concrete composition, and concrete workability.
Additionally, the effect of concrete composition in NC is considered by using concrete

mixtures with different water-to-cement ratios along with using air-entraining admixture.

After comprehensively describing the problem by different chapters, the present thesis, as a
pioneer study, intends to present an efficient way of alleviating damages due to the pre-
cracking phenomenon. Self-healing method is used, for the first time, to check the possibility
of the crack-healing in the critical regions of the rebar-concrete interface. Superabsorbent
polymer (SAP) is used to accelerate the self-healing method. Additionally, as until now, there
is no study on bond properties of SAP concrete in both conditions of uncracked and cracked
specimens, some parts of the present thesis dedicate to determine the effect of SAP dosage and
type on uncracked specimens. The effect of SAP chemical composition on macro voids around
the rebar edge is also investigated in the present thesis by microscopic images. This original
contribution can help readers and researchers to find out the hardened properties of SAP
concrete. Moreover, the self-healing method at the rebar-concrete interface by SAP is another
novelty of the present thesis. Until now, there is no specific study on this topic. SEM analysis
is also performed on healing products at crack surfaces. Three concrete types of NC, NC with

air-entraining, and SCC are also considered for the self-healing section. Different types and
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dosages of SAP are used in these mixtures. Comparing these results together is another novelty
and collaboration of the present thesis. The results of the present study can be used in real RC
structures to seal and heal cracks. However, the main question for future efforts is a practical
technique to use the proposed approach. For exposed to humid weather, the results of the
present study can be efficient. Different steel-congested regions exist in these structures, where
the pre-cracking phenomenon can also be observed. Using SAP leads to mitigate some parts
of damages. Additionally, the technique of wet-dry cycles exposure regime, used for the self-
healing method, can be similar to the common repairing techniques in internal or external RC
joints and slab sections near the column, which are more critical for the pre-cracking

phenomenon.
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Abstract

Previous research on steel rebar-concrete bond behaviour has been concentrated mostly on the
intact concrete without considering initial cracks induced by transverse tensile loading called
pre-cracking phenomenon. There is no accurate model for evaluating bond behaviour and
development length of steel rebar in pre-cracked concrete. This paper aims to characterize the
bond-slip behaviour of steel rebars in pre-cracked concrete by direct pull-out tests and proposes
a constitutive law as a function of the crack width. Results show that induced cracks notably
cracks wider than 0.15 mm, cause a significant reduction in maximum and residual bond stress.
Also, results indicate that larger crack widths result in considerably lower dissipated energy by
the bond mechanism. The results obtained from both the experimental tests and the referenced
database demonstrate that the pre-cracking phenomenon has a higher impact on the residual
bond stress compared to the bond strength. Unlike existing equations, the proposed model
accurately considers cracking effects on the steel rebar-concrete bond properties and shows a

satisfactory fit with the experimental database. A predictive equation is also proposed for
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of steel bars in pre-cracked concrete. Construction and Building Materials, 199, 560-573.
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calculation of the development length in pre-cracked concrete, which is more conservative and

prudent compared to existing regulations in design codes.

Keywords: Bond model; Slip; Development length; pre-cracked concrete

2.1 Introduction

Although extensive research has been accomplished in describing the bond-slip behaviour of
steel rebars in intact concrete (Bompa & Elghazouli, 2017; Carvalho et al., 2018; Dehestani et
al., 2017; Dehestani & Mousavi, 2015; Eligehausen et al., 1983; Mousavi et al., 2017; Wu &
Zhao, 2012), very little and also scattered research has been devoted to the effect of induced
localized cracks on bond properties. Corrosion-caused pre-cracking (Desnerck et al., 2015;
Jiang et al., 2018), mechanical pre-loading (Brantschen et al., 2016), biaxial load transfer
(Hadidi & Saadeghvaziri, 2005; Lindorf et al., 2009; Saadeghvaziri & Hadidi, 2005),
multiaxial stress states (Cervenka, 1985; Purainer, 2005), and transverse tension (Lindorf,
2011) are different terms used in the literature referring to the induced initial cracking
situations along the axis of the steel rebars in the surrounding concrete, hereafter called pre-
cracking phenomenon. The mechanism of pre-cracking is similar to bond splitting cracking
and mainly affects the bond-slip behaviour of the rebar. Potential anchorage problems of
flexural in reinforced concrete (RC) members (Dawood & Marzouk, 2012), loop connections
subjected to combined tension and bending (Joergensen & Hoang, 2015), arch-shaped
members without transverse reinforcement (Ruiz et al., 2010), and reinforced concrete
members without transverse reinforcement (Ruiz et al., 2015) are practical instances in which
pre-cracking occurs along the axis of the rebar in concrete cover. Vecchio & Collins (1986)
have studied the pre-cracking phenomenon by a particular set of in-plane shear and axial stress
loading. They defined pre-cracked concrete as a new material with modified stress-strain
characteristics. Their results show that transverse tensile strain after pre-cracking leads to a
significant reduction in concrete compressive strength. Many researchers have reported similar
findings (Belarbi & Hsu, 1991; Kollegger & Mehlhorn, 1990; Mikame et al., 1991; Shirai &
Noguchi, 1989; Vecchio & Collins, 1993), showing that concrete compressive strength and
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stiffness of reinforced panels are significantly affected by tension-compressive cyclic loading.
Despite previous extensive research done on the compressive strength of pre-cracked concrete,

there are not enough studies focusing on steel rebar/pre-cracked concrete bond behaviour.

Corrosion of steel rebars is one of the commonly detected problems of RC structures, which
leads to multiple localized cracks in concrete cover along the axis of the rebar (fib-Bulletin10,
2000; Jiang et al., 2018). A practical case of this issue is a half-joint beam in which corrosion
of longitudinal tensile reinforcement leads to an anchorage zone cracking (Desnerck et al.,
2017). In the case of corrosion or severe exposure, it is concluded that cracks less than 0.20
mm have no significant effect on the role of concrete cover to prevent cracks along with the
rebar (Okada & Miyagawa, 1980; Sahmaran, 2007; Seki & Maruyama, 1973), while crack
widths between 0.20 mm to 0.40 mm cause reduction in concrete cover. However, the value
of 0.10 mm has been suggested by other studies as a crack width limit for efficient protection
against reinforcement corrosion (Kamiyama, 1972; Nakamura & Ogawa, 2000). A summary
of the limitations of crack widths for normal and severe exposure in various standards is
illustrated in Figure 2.1. Allowable crack widths related to different standards are in the range
0f 0.10-0.33 mm for severe exposure while a crack width up to 0.40 mm is allowed for normal
exposure. These limits are practically the same crack width limits around tension steel
reinforcement used for service limit states in the North American standards for interior and
exterior exposures (CSA A23.3,2014; ACI318R, 2014), based on the pioneering work of Lutz
& Gergeley (1967).
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Allowable crack width

B Normal condition Esevere exposure

Figure 2.1 Allowable crack widths from different standards
(*: 0.005C for NC and 0.0035C for the severely corrosive condition, C is the concrete
cover, C=50 mm is selected here)

Most of the previous research on pre-cracked concrete has concentrated on corrosion impact
by considering the combination of the effects of cracking and the formation of a layer of
corrosion products around the steel rebar (Desnerck et al., 2015). However, this approach is
not efficient enough to accurately analyze the pre-cracking phenomenon in other situations
such as plastic shrinkage cracks in congested reinforcement and accidental damages due to the
previous overloading in which corrosion has no significant impact on pre-cracking. On the
other hand, as different situations can cause pre-cracking, it is essential to analyze this issue
by a general approach in which crack width should be considered as a critical parameter in the
formulations. Hence, this study follows an approach presented by Desnerck et al. (2015) to
cover most potential situations of pre-cracked concrete. Besides, previous research related to
bond in pre-cracked concrete has only concentrated on the degradation of bond strength
without introducing a specific bond-slip model for pre-cracked concrete (Brantschen et al.,
2016; Gambarova et al., 1989; Idda, 1999; Mahrenholtz, 2012). Even in the case of bond

strength, limited experimental results have been devoted to the pre-cracked concrete. A lack
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of consensus on bond behaviour in pre-cracked concrete exists and can be attributed to the
variety of experimental set-ups used for simulating pre-cracks. Despite the importance of the
pre-cracking phenomenon, few unclear regulations, formulating reduced bond strength, have
been considered in design codes. Consequently, the primary objective of this paper is to
quantify the effect of the pre-cracking phenomenon on the steel rebar-concrete bond response
curve and the development length under monotonic loading. This is achieved by a statistical
analysis of the database extracted from the literature along with results obtained from an

additional experimental test performed by the authors.

2.2 Experimental program

2.2.1 Materials, test setups, and specimens

A total number of 17 tests are carried out on monotonically loaded pull-out samples to (1) gain
a better understanding of the rebar-concrete interface at pre-cracking conditions in comparison
with the un-cracked concrete, and (2) develop a bond-slip model for reinforcing steel
embedded in pre-cracked concrete under monotonic loading. Two types of concrete with 28-
day cylinder strength (f'.) of about 47.9 MPa and 58.8 MPa are used. The water-to-cement
ratio of the mixture is 0.41, and the sand-to-aggregate ratio is 0.42. Mix proportions of both
batches of concrete are summarized in Table 2.1. The aggregates are natural sand with a
maximum grain size of 1.25 mm and a specific gravity of 2.68 and gravel with a nominal

maximum size of 14 mm and a specific gravity of 2.68.
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Table 2.1 Concrete composition for both test series A and B

uantity (kg/m?
Constituent Q y (kg/mr)
NC1 NC2

Water 165 165
Cement (GU) 395 395
Fine aggregate (0-1.25 mm) 788 788
Coarse aggregate (5-10 mm) 822 822
Coarse aggregate (10-14 mm) 258 258
Superplasticizer 3.65 2.34
Air entraining 0.68 0.00

, 47.9 58.8
f'e (MPa) (1.41) (1.39)

Note: Data inside the parentheses denote the standard deviation.

For the experimental program, the nominal steel rebars diameter (10M rebars, CAN/CSA-
G30.18-09 2009) is about 10 mm. The rib pattern of steel rebars used in the experimental tests
is shown in Figure 2.2. The yield stress f, and ultimate tensile strength f,, of the steel rebars,

obtained from mill tests, are 432 MPa and 620 MPa respectively.

i

Figure 2.2 Rib pattern of steel rebars
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To determine the effect of pre-cracking, the experimental program is divided into two series
including 1- Pre-cracking tests by splitting the cylinders containing steel rebars, in the manner
of the Brazilian test and; 2- Pull-out tests on the pre-cracked specimens. A displacement-
controlled loading with a rate of 0.15 mm/min is applied to impede unexpected splitting failure
during the pre-cracking loading. Two crack gauges are used on both sides of pre-cracked
specimens for controlling crack widths (Figure 2.3(a)). A total of seventeen (17) specimens of
150%x300 mmxmm are used, including six un-cracked specimens and 11 pre-cracked specimens
with different crack widths. The pull-out test set-up is shown in Figure 2.3(b). The unloaded
end slip is measured with a linear variable differential transformer (LVDT). An automatic data
acquisition system is considered to record the data. A displacement-controlled pull-out force
is applied at the rate of 0.5 mm/min. Embedded length (L) of 5d,, is placed at the center of
cylindrical specimens to minimize extremities effects such as confinement from friction
between the loaded end of specimens and the set-up plate. A ratio of concrete cover to rebar
diameter equal to 7.5 is selected, which results in confined concrete conditions, preventing
splitting bond failure modes for intact concrete specimens. As this paper aims to study the
effect of pre-cracking on bond strength including strength and failure modes, it is tried to
impede splitting bond failure. To provide pre-crack widths from 0.10 to 0.40 mm, two series
of test specimens are used including 1- Series A with f', = 47.9 MPa and dimension of
150x306.5 mmxmm; and 2- Series B with f', = 58.8 MPa and specimens size of 150x113

mmxmm (Figure 2.3).
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Figure 2.3 Test set-up: (a) pre-cracking by indirect tensile test; (b) pull-out tests

At the completion of a concrete cylinder splitting, the crack width is not instantaneously
stabilized and continues to reduce noticeably for a few minutes. So, for uniformity of results,
manual measurement of crack width is systematically made immediately after unloading
(removal of the load). Photos of crack measurement are shown in Figure 2.4. Although crack
gauges are considered for controlling cracks, the highly scattered nature of the concrete,

especially in tension, generated different crack widths directly measured after the pre-cracking
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test. Due to this scatter, five series of crack widths (w) 0f 0.10, 0.15, 0.20, 0.30, and one value

larger than 0.40 mm are obtained.

w=0.30 mm

Figure 2.4 Crack measurement just after the pre-cracking test

2.2.2 Experimental results

Details and results of the experimental tests are listed in Table 2.2. Bond strength, 7,,,,,, and
the residual bond stress, t,.s, are reported from obtained experimental bond-slip curves.

Normalized bond strength considering the compressive strength of concrete defined by the
ratio of Tpyq./+/ f'c as well as the failure mode (pull-out or splitting) are also reported for each

test. To determine the strength reduction due to the pre-cracking phenomenon, bond strength

reduction due to the pre-cracking (SRwm) is defined as below:

SRM — (Tmax)o - (Tmax)c x 100 (2.1)

(Tmax) 0

where (Tjax)o and (Toex)e are the bond strength of steel rebar in intact and pre-cracked

concrete respectively.
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Table 2.2 Details of test specimens

w dp L f'e Tmax | Tmax/ \/E SRwm' Tres
Notation FM?
mm | mm | mm | MPa | MPa (-) (%) MPa
22.38 | 3.23 6.04 P
4790 23.54 | 3.40 8.38 P
NC1-U 0.00 | 11.3 | 5d, (1'41) 2222 | 3.21 5.80 P
' 22.71 | 3.28 - 6.74
(0.71) | (0.10) (1.42)
22.79 | 3.29 6.75 P
20.99 | 3.03 4.90 P
< | NCI-C10 | 0.10 | 11.3 | 5ds 47.90 | Failed | - - -
4 21.89 | 3.16 3.61 5.83
'g (1.26) | (0.18) (1.65)
2 18.11 | 2.62 4.41 P
&5 18.50 | 2.67 3.87 P
E | NCI1-C15 |0.15 | 113 | 5ds 47.90 | Failed | - - -
18.31 | 2.65 19.37 4.14
(1.57) | (0.04) (0.38)
13.07 | 1.89 2.12 S
16.28 | 2.35 0.39 S
NC1-C20 | 0.20 | 11.3 | 5d, 4790 | 17.97 | 2.60 3.90 S
15.77 | 2.28 30.54 | 2.14
(2.99) | (0.36) (1.76)
25.19 | 3.28 5.77 P
5382 25.07 | 3.27 5.55 P
NC2-U 0.00 | 11.3 | 5d, (1'39) 27.12 | 3.54 8.18 P
' 25.79 | 3.36 - 6.50
(1.15) | (0.15) (1.46)
o 12.87 | 1.68 S
.g 1042 | 1.36 S
Q| NC2-C30 |0.30 | 11.3 | 5dp 58.82 | Failed | - -
2 11.64 | 1.52 54.87 ~0
ﬁ (1.74) | (0.23)
4.72 0.62 S
~0.4 4.52 0.59 S
NC2-C40 6 11.3 | 5d, 58.82 | Failed | - -
4.62 0.61 82.10 ~0
(0.14) | (0.02)

! Maximum bond stress (bond strength) reduction due to the pre-cracking phenomenon; 2 Modes of
failure: P=pull-out; S=splitting; Note: Data inside the parentheses denote the standard deviation.
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Two different types of failure modes are observed during the experiments including (1) pull-
out of reinforcing rebar failure, and (2) splitting of surrounding concrete failure (Table 2.2).
Although transverse reinforcement is ignored in the specimens, confinement provided by the
concrete cover (c¢/d, = 7.5) is enough for preventing splitting failure in intact concrete so that
pull-out failures are observed for both NC1-U and NC2-U (Table 2.2). Similar to the un-
cracked concrete, induced crack widths smaller than 0.15 mm (w < 0.15 mm) cause pull-out
bond failures (Figure 2.5(a)). However, results show that pre-cracking for crack widths larger
than 0.15 mm (w > 0.15 mm) changes the failure modes from the pull-out to splitting (Figure
2.5(b)).

Test series A Test series B

(a)

Test series A Test series B

(b)

Figure 2.5 Failure modes: (a) pull-out failure; (b) splitting failure
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The bond-slip behaviour of steel rebar is noticeably influenced by the presence of initial crack
widths (Figure 2.6). Results show that induced cracks of 0.10, 0.15, 0.20, 0.30, and larger than
0.40 mm widths cause 3.61%, 19.37%, 30.54%, 54.87%, and 82.10% reduction in the bond
strength, respectively (Figure 2.7(a)). Moreover, crack width larger than 0.15 mm results in
more than 50% reduction in residual bond stress so that there is no significant residual strength
of concrete with crack widths of 0.30 mm or larger (Figure 2.7(b)). Furthermore, as illustrated
in Figure 2.6, a low characteristic energy value (area under the bond-slip curve) is due to the
brittle bond behaviour associated with splitting failure modes, while a high energy value results
from a ductile bond response associated with pull-out failure (Guizani et al., 2017). Similar to
results reported by previous studies (Brantschen et al., 2016; Mahrenholtz, 2012), Figure 3.6
indicates that when cracking width increases, energy absorbed by the bond mechanism
significantly decreases. Results also show that pre-cracking has no apparent effect on the slip
at which the bond strength is observed. This is coherent and similar to the undefined trend
obtained from the experimental literature database (Brantschen et al., 2016; Mahrenholtz,

2012).
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Figure 2.7 Strength reduction versus crack width: (a) bond strength; (b) residual bond stress

23 Models for bond strength and development length

In the field of the pre-cracking phenomenon, the bond strength of steel rebar in pre-cracked
concrete, (T;nax)c» 1S the only parameter considered by previous studies (Gambarova et al.,

1989; Idda, 1999; Mahrenholtz, 2012). Table 2.3 lists existing equations and regulations
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presented for predicting the bond strength of steel rebar in pre-cracked concrete. Degeneration
of bond strength is introduced as a function of the crack width (w) and rebar diameter (d}).
Crack width-to-rebar diameter ratio, w/d,,, has been found to affect the normalized bond
strength of steel rebar in pre-cracked concrete, (Tigx) e/ (Tmax)o- A similar equation has been
suggested by the Model Code 2010 for crack widths smaller than 0.50 mm. However, the effect
of crack width-to-rebar diameter ratio, w/d,,, has been ignored in Italian National Code (NTC-
08, 2008) and German National Code (DIN-1045-1, 2001) so that the normalized degraded

bond strength, (T;qx) ¢/ (Tmax)o» 1S limited to the constant value of 2/3.

Table 2.3 Existing equations for bond strength in pre-cracked concrete

Reference Equation
Gambarova et al. (1989)
(tnax)e _20] 003 .0
(Tmax)o 9 a. + 0.05
b
Idda (1999)
(Tmax)c _ e‘5-1 dmb
(Tmax)o
Mahrenholtz (2012) (Trmax) e —1- (10 w.
(Tmax)o db
German National Code (Tmax)e 2
(DIN-1045-1 2001) (o) 3 w = 0.20 mm
max)0
Italian National Code (Tmax)e . 2
(NTC-08 2008) o) < 3 w < 0.20mm
max)0
Model Code 2010 (Trmax) w
(fib 2013) Tl =1 - (24— w < 0.50 mm
(Tmax)o db

Experimental results available in the related literature (Brantschen et al., 2016; Gambarova et
al., 1989; Idda, 1999; Mahrenholtz, 2012) are used to introduce an efficient model for the bond
strength of steel rebars in pre-cracked concrete. The properties and results of experimental

databases are summarized in Table 2.4. Compressive strength of concrete, f'., rebar diameter,
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dp, crack width, w, maximum bond stress (bond strength), 7,,,,,, residual bond stress, T,
slip at the maximum bond stress, s,,, and normalized dissipated energy, E./E,, are the key
parameters summarized in Table 2.4. Maximum and minimum crack widths of 0.10 and 1.0

mm respectively are reported for this database.

Table 2.4 Summarized test conditions and bond results from the literature

Reference i b W | Tmax fres Sm E./E,
MPa mm MPa mm
Gambarova et al. 40.2 18 0.00 | 18.49 | 16.31 1.06 1.00
(1989) 40.2 18 0.10 | 15.00 | 13.14 0.90 0.82

40.2 18 0.20 | 13.89 |[11.14 0.88 0.71
40.2 18 0.30 | 13.10 | 10.58 0.78 0.67
Idda (1999) 19.2 16 0.00 | 12.10 | 4.81 1.45 1.00
19.2 16 0.25 | 8.55 2.82 1.52 0.66
19.2 16 0.50 | 7.38 2.04 1.55 0.49
19.2 16 0.75 | 5.82 1.39 1.53 0.37
19.2 16 1.00 | 4.99 1.08 1.88 0.31
Mahrenholtz (2012) | 19.1 16 0.00 | 7.80 2.55 1.66 1.00
19.1 16 0.10 | 7.40 2.69 1.89 0.93
19.1 16 0.40 | 5.81 2.11 1.92 0.74
19.1 16 0.80 | 3.78 1.14 1.98 0.44
Brantschen et al. 30.1 10 0.00 | 1291 |4.74 0.77 1.00
(2016) 30.1 10 0.20 | 7.67 2.22 1.05 0.52
30.1 10 0.50 | 2.94 0.95 0.96 0.17
30.1 10 1.00 | 1.53 0.19 0.08 0.05
30.1 14 0.00 | 10.88 |4.10 0.60 1.00
30.1 14 0.20 | 6.06 1.87 1.13 0.50
30.1 14 0.50 | 3.08 0.80 0.94 0.23
30.1 14 1.00 | 1.83 0.27 0.12 0.08

Range 19-40 | 10-18 | 0-1 |1-18 | 0.19-16 | 0.08-2 | 0.08-1

2.3.1 New model for bond strength in pre-cracked concrete

A modified local bond-slip model under monotonic loading is proposed, as illustrated in Figure

2.8. Five characteristic response parameters (CP), namely bond strength for pre-cracked
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concrete, (Tyqx)c, residual bond stress for pre-cracked concrete, (7,45)¢, slip corresponding
to the bond strength of pre-cracked concrete, (S,,)., slip corresponding to the residual bond
stress of pre-cracked concrete, (S,.s)., and a coefficient related to the nonlinear shape of the

initial ascending branch, a, define the envelope curve of this model as expressed in Eq. (2.2).

T = (8/(Sm) ) Tmax)c for 0 <8 < (Sm)c
{TC = (Tmax)t - ((Tmax)c - (Tres)c)(s - (Sm)c)/((sres)c - (Sm)c) fOT’ (Sm)c =§5< (Sres)c (22)
Te = (Tres)c for S = (Sres)c

where the bond stress of steel rebar in pre-cracked concrete is presented as a function of slip,
7. = f(S). The subscripts “c” and “0” denote pre-cracked and un-cracked concrete
respectively. In addition to these CPs, the characteristic energy absorbed by the bond
mechanism, E, is used to compare the behaviour of steel rebars in intact and pre-cracked
concrete (Guizani et al., 2017). The characteristic energy is defined as the area below the bond-
slip curve between the origin, and the slip corresponding to the residual bond stress, that is S,

(Figure 2.8).

Bond Stress (MPa) e = (8/(Sm))“(Tmax)c

Un-cracked Concrete
'b,..
- "'\

~ Pre-cracked Concrete

(Tmax)o

(Tmax)c

(TT'GS)O

(Tres)e

Slip (mm)

(Sm)c (Sm)o E E(Sres.)c (Sres)o
o 0

Figure 2.8 Proposed bond-slip model for pre-cracked concrete
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Although there is a plateau after the bond strength for confined (by enough concrete cover) un-
cracked concrete (Figure 2.6), a sudden drop is reported for pre-cracked concrete which is
considered in the proposed local bond-slip envelope (Figure 2.8). Results also show that as
crack width increases, the slope of the descending branch of the envelope increases, meaning

a more rapid drop in bond stress with increasing slip.

As mentioned in Table 2.3, the ratio of crack width-to-rebar diameter (w/d}) has been
considered by previous studies (Gambarova et al., 1989; Idda, 1999; Mahrenholtz, 2012) as
the main parameter for the derivation of the bond strength of rebar in pre-cracked concrete,
(Trmax)e> from those of un-cracked concrete, (T,,4x)0. A similar format is considered for
obtaining CPs used in the proposed bond-slip envelope curve. Each of these parameters is
accurately calibrated for pre-cracked concrete using regression analyses on the results of the

literature database.

The obtained predictive equation for the absorbed energy under the bond-slip envelope for pre-

cracked concrete, E,, can be written as (R? = 0.87, Figure 2.9):

Ee _, dp (2.3)

where E is the area under the bond-slip curve of intact concrete. As the crack width increases,
absorbed energy decreases which shows the more brittle behaviour of rebar-concrete bond
response. For a given pre-crack width, more damage and less characteristic absorbed energy
are expected as the rebar diameter decreases. Low normalized energy dissipated is associated
with a brittle bond response associated with moderately and unconfined concrete, while a high
energy value shows a ductile bond response tending toward confined concrete bond response
(Guizani et al., 2017). The effect of this parameter has been included in the Eligehausen-
Filippou model (Eligehausen et al., 1983), in which degradation of bonds under cyclic loading

is considered by a damage index defined as a function of normalized dissipated energy.
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Figure 2.9 Normalized absorbed energy by the bond mechanism in Eq. (2.3)

Using the database extracted from the referenced literature and trial-and-error based
algorithms, the obtained best-fitted equation for predicting the degraded bond strength of steel
rebars in NC as a function of the crack width, w, unaltered concrete bond strength, (7,,4x)0>

and rebar diameter, dj,, can be written as:

(Tmax)c — —21-15(%) 24
(Tmax)o ¢ ( ' )

Figure 2.10 shows a good fit of Eq. (2.4) to the experimental database. The lower and upper
values predicted by Eq. (2.4) are 1.0 and 0.12, respectively. The upper value applies for un-
cracked concrete while the lower value corresponds to a crack width-to-rebar diameter ratio of
0.10. As the proposed equation for reduced bond strength, Eq. (2.4), is similar to the format of
the equation presented by Idda (1999) in Table 2.3, a comparison is illustrated in Figure 2.10.
Contrarily to the proposed equation, the model of Idda (1999) leads to a considerable
overestimation of the reduced bond strength for all crack widths (Figure 2.10). Comparison of
results also indicate that the predicting equation presented by Mahrenholtz (2012)
overestimates the reduced bond strength for w/d;, < 0.05, while underestimated predictions

are obtained for larger crack widths. Among the existing equations listed in Table 2.3, the one
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presented by Gambarova et al. (1989) shows very similar results to Eq. (2.4), as illustrated in
Figure 2.10.

1.0 ‘_:‘~
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Figure 2.10 Decrease of bond strength in the presence of cracks
according to Eq. (2.4) and existing models

The deviation of the predicting equations from the experimental database for bond strength is
evaluated through the term of Integral Absolute Error (IAE) (Mousavi et al., 2017; Mousavi et
al., 2016), and the conventional statistical analyses of the experimental-to-theoretical value
ratio v, as defined in Eq. (2.5) and Eq. (2.6) respectively. The IAE is more sensitive than v to
the deviation between the models and database (Mousavi et al. 2017; Wu and Zhao 2012).
Models with lower IAE percent and v factor close to unity indicate a better correlation with

the test results.

_ \/[Experimental((Tmax)c/(rmax)o) — Theoretical ((Timax) c/ (Tmax)o)]?
ME=). % Experimental (ta)e/ Crae)o) 22
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— Experimental((Tmax)c/(fmax)o)
Theoretical ((Tingx)c/ Tmax)o)

(2.6)

The evaluation of the degraded bond strength, Eq. (2.4), with the current experimental test
results and all databases is shown in Figure 2.11. Results show that Eq. (2.4) has the lowest
IAE compared to the other equations for both series of data including “Current Study”
(12.81%) and “Database+Current Study” (11.08%). Also, Eq. (3.4) generates the closest value
of v to unity (vV=0.99) among the seven models studied for the entire experimental database
(current tests and referenced literature). Among the existing equations for predicting degraded
bond strength, predictions of the model presented by Gambarova et al. (1989) are very close
to the Eq. (2.4) and show acceptable results. However, it generates a slightly larger derivation
value from all experimental database compared to the proposed model. Similar to Figure 2.10,
equation developed by Idda (1999) significantly overestimates the reduced bond strength so
that IAE and v are 18.68% and 1.15 respectively for all databases. The amount of experimental
data with the variation of crucial parameters has a considerable effect on the performance of a
model. When more data is available, the proposed model shows a better estimation of the bond

strength of steel rebars in pre-cracked concrete.
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Figure 2.11 Performance of Eq. (2.4) for predicting bond strength of steel rebars in pre-
cracked concrete compared to existing models: (a) Average v; (b) IAE

A crack width of 1.2 mm for 12 mm diameter rebar, which corresponds to a w/d;, = 0.10, is
expected to induce a 88% reduction in the bond strength (Eq. (2.4)). A smaller crack width of
0.50 mm results in a 59% reduction in the bond strength of such rebar. Eq. (2.4) also indicates
a lower sensitivity of reinforced concrete to pre-cracking for larger rebar diameters. As
mentioned in Eq. (2.4), crack width is related to the reduced bond strength by the rebar
diameter, d;. Hence, it can be deduced from the Eq. (2.4) that for a constant value of crack
width, larger rebar diameter leads to lower damages due to the pre-cracking phenomenon. To
explain this mechanism, the ratio of the crack width-to-the perimeter of reinforcing rebar in
contact with surrounding concrete, w/(2p) or w/(mdp). This parameter measures the
unbonded portion of the rebar external surface area. As this ratio (or indicator) increases,
reduction in bond strength increases indicating higher damage due to the pre-cracking

phenomenon, as schematically illustrated in Figure 2.12.
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Figure 2.12 Schematic view of the effect of the rebar diameter on the pre-cracking
phenomenon for a constant value of crack width

Using the experimental database for the normalized degraded residual bond stress, the

following regression relationship is obtained:

(Tres)c _ —30-43(%) 2.7
(Tres)O ¢ ( . )

Although Eq. (2.7) is physically reasonable and presents a satisfactory fit with database results
(R? = 0.89, Figure 2.13), one out-of-trend point exists indicating higher residual bond stress
of pre-cracked concrete in comparison with the intact concrete. Comparing the proposed
equations of (2.4) and (2.7) shows that the pre-cracking phenomenon has a higher impact on
the residual bond stress compared to the bond strength. For instance, crack width-to-rebar
diameter 0.02 leads to 34.5% and 45.6% reduction in the bond strength and the residual bond
stress, respectively. As illustrated in Figure 2.6, similar results are observed from the
experimental tests of the current study so that a crack width of 0.20 mm results in 30.5% and

68.3% reduction in maximum and residual bond stress respectively.
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Figure 2.13 Efficiency of Eq. (2.7) for predicting the normalized residual bond stress

Contrarily to Egs. (2.4) and (2.7), there is no clear trend for variation of the slip corresponding
to the bond strength, S,,,, with a crack width-to-rebar diameter ratio. The following regression

(R? = 0.49, Figure 2.14) is proposed:

(Sm)c
(Sm)o

w2 w
= —256.18 <—) +15.35 <—) +1 (2.8)
dp dp

The regression of (S,,,)./(Sm)o 1s more difficult because an appropriate function is difficult to
obtain directly from the experimental database. Scrutiny of Figure 2.13 reveals that for the
range of w/dy < 0.04, (S;)c/(Sm)o seems to be slightly increasing as w/dj, increases.
However, this trend is not manifested across the whole database so that for the range of 0.04 <
w/dp, < 0.10, an increase in w/d,, leads to a significant reduction of (S,,)./(Sm)o. Similar
difficulties have been pointed out by previous researches (Eligehausen et al. 1983; Guizani et
al. 2017) to accurately predict this parameter for concrete. For large crack widths, 0.07 <
w/dy, Eq. (2.8) gives a very small normalized slip, (S;,):/(Sm)o < 0.25, attributed to the

short ascending branch of the bond-slip curve. As illustrated in Figure 2.14, two points are out
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of the trend (Eq. (2.8)) in predicting the slip corresponding to the bond strength for pre-cracked
concrete, (S;,)¢, including 1) w = 0.20 mm, d;, = 14 mm in Brantschen et al. (2016); and 2)
w = 1.0 mm, d;, = 14 mm in Brantschen et al. (2016). They are probably due to the large
scatter and the low correlation associated with the slip at maximum bond stress (Eligehausen

et al., 1983; Guizani et al., 2017).
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Figure 2.14 Efficiency of Eq. (2.8) for predicting normalized slip
corresponding to the bond strength

The parameter o, defining the nonlinear shape of initial ascending branches of the bond-slip
envelope is set equal to the value suggested by fib Model code 2010, « = 0.40. The normalized
slip corresponding to the residual bond stress,(S,¢s)., s calculated regarding the w/d), ratio

by the following regression equation (R? = 0.85, Figure 2.15):

(Sres)c
(Sres)o

—8531<W)2 1232(W)+1 2.9
= 8531 32(5 2.9)

As crack width increases, the slope of the proposed model reduces so that for w/d;, = 0.04,

the pre-cracking phenomenon has no impact on slip corresponding to the residual bond stress
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(Figure 2.15). Lower (Sys). for w/d;, < 0.04 can be associated with lower energy absorbed
by the bond mechanism as the crack width increases and the slip by wedging of the concrete

key becomes predominant, as for unconfined concrete.
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Figure 2.15 Efficiency of Eq. (2.9) for normalized slip corresponds to residual bond stress

2.3.2 New model for development length in pre-cracked concrete

The minimum embedded length of rebar in surrounding concrete to develop the maximum
tensile stress, that is yield stress, f,, is called development length. Reinforcement rebars with
good bond conditions require shorter development lengths thanks to the higher bond strength
that can be mobilized along the rebar. Different normalized equations are considered in the
specifications for the development length of steel rebars in NC. ACI 318R (2014) introduces
the general Eq. (2.10) to determine development length of tension-loaded straight steel rebar

in normal intact concrete, [; (mm).
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iy PYs
Iy = 2.10
¢ 1.11./;;(%) g (&10)
dp

where f,, is the yield stress of the steel rebar in MPa, and c is the concrete cover in mm. Factors
VY., ¥, and 4 take into account the effects of rebar location, epoxy coating and lightweight
concrete respectively. A rebar location factor of 1.3 is used in American (ACI 318R, 2014)
and Canadian standards (CSA A23.3, 2014)) for rebar placed so that more than 300 mm of
fresh concrete is cast below and 1.0 for other rebar location. ACI 318R (2014) defines different
values for coating factors including 1.5 for epoxy-coated rebar with concrete cover less than
3d,, or clear spacing less than 6d;, 1.2 for other epoxy-coated rebars, and 1.0 for uncoated
rebar. CSA Code (A23.3, 2014) and ACI Code (ACI 318R, 2014) standards specify 0.75 for
lightweight concrete and 1.0 for normal-weight concrete. The term ¥ is a factor for rebar size
in which the value of 0.8 has been considered for rebar diameter of No. 19 or smaller and 1.0
for other diameters. In the Eq. (2.10), K;,- defines the effect of stirrups and confinement on the
bond strength, which is ignored in this study. However, similar to confinement provided by
stirrups, the concrete cover leads to an important influence on confinement around the rebar
by resisting hoop stresses (Desnerck et al., 2015) leading to an increase in bond strength. The
effect of concrete cover is considered in Eq. (2.10) by the term ¢ normalized by rebar diameter,
dp. As expressed in previous research (Mousavi et al., 2017), Eq. (2.10) can be written in the

form of Eq. (2.11):

A
l,=M <b7fi> 2.11)

where A, is the area of steel rebar and M is an empirical factor in 1/mm, which is deduced

from Eqgs. (2.10) and (2.11) based on ACI Code (ACI 318R, 2014):
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(2.12)

4 9wy
Myc = —= [—t . S]
C+Ktr

1.1Anm
By evaluating the equilibrium equation along the embedded length of the steel rebar, the

following equation is obtained:

ndj
bey = TapeMdply (2.13)

where 74, 1s the average bond stress around the steel reinforcing rebar at its interface with the

surrounding concrete. Therefore, the development length is given alternatively by Eq. (2.14):

_ fydb

= (2.14)
4Tave

la

The equilibrium Eq. (2.13) presumes that the bond stress is constant and equal to the average
bond stress along the embedded length of the steel rebar, which is considered by previous
research (Dehestani & Mousavi, 2015). For short embedded length (generally five times the
rebar diameter or less such as the current study), bond stress is observed to be close to having
a uniform distribution and can be used to get a better measure of local bond strength. Even for
longer embedded lengths, this hypothesis leads to an acceptable result for analyzing reinforced
concrete (RC) members such as two-way RC slab (Dehestani & Mousavi, 2015), anchorage
bond strength in high-performance concrete (Yerlici & Ozturan, 2000), in-plane behaviour of
masonry infilled concrete frames (Nasiri & Liu, 2017), and RC bridge deck slabs under cyclic
moving loads (Deng & Matsumoto, 2018). In a long embedded length, concrete and steel rebar
have the same strain at the middle distance between two adjacent cracks, especially for constant
moment region (Mousavi et al., 2017; Mousavi et al., 2016). However, there is no bond stress
in the pre-cracked section, which results in strain and stress concentration. The yield strain is
obtained by €, = f,,/E¢ which is in the range of 0.002 to 0.003 for a f,, ranging from 400 MPa
to 600 MPa. The cracking strain at cracking tensile stress of concrete is about 0.00008, which

is more than 20 times lower than the yield strain of steel (Belarbi & Hsu, 1994). So, it is clear
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that multiple cracks can take place in a long embedded length before steel yielding. The section
experiences bond strength after generating deep cracks, which is associated with commencing
stress concentration in steel. This leads to considering T = f;,d},, /4L as a controlling value at
long embedded members (Mousavi et al., 2017). Hence, a constant value can be reasonably
used for bond strength along the embedded length of steel rebars. By equating Egs. (2.11) and

(2.14), the empirical factor M can be expressed as:

Jfe (2.15)

Mgy, = 1<
EXp ™ nd,t

The range of factor M can be obtained from the database of experimental tests. The efficiency
of this approximate calculation of development length by Eq. (2.15) has been discussed and
established by previous research (Mousavi et al., 2017; Mousavi et al., 2016). As shown in
Figures 2.7(a) and 10, the bond strength of steel rebars in pre-cracked concrete is lower than
for intact (un-cracked) concrete, which leads to larger development length. However, there is
no consideration in ACI Code (ACI 318R, 2014) for crack width. Hence, this paper proposes
an increase factor, K;, for increasing the development length, (l3)pre—crackea = Ki X

(la)un—cracked> Which can be obtained as:

(MEXP)Pre—cracked = K; (MExp)Un—cracked (2.16)

Finally, based on the experimental database of related references, the following equation fits
the increase factor, K, as a function of the crack width:

w

K, = £ 2106(3;) (2.17)

Figure 2.16 shows the correlation of Eq. (2.17) to the value of w/d, fitted from the
experimental database (R? = 0.87). Practical use of Eq. (2.17) is a member exposed to a
severe exposure condition. Figure 2.1 illustrates that when a reinforced concrete member

exposed to a severe exposure condition, crack width should be limited to the value of 0.33 mm

based on the ACI Code (ACI 318R, 2014) recommendation. This crack width only prevents
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accelerated and/or rapid corrosion phenomenon while bond behaviour would be significantly
affected by the existence of that crack at the steel rebar-concrete interface. Eq. (2.17) suggests
that for this environmental condition, development length should be increased by 78.0% (for

dp = 12 mm) to provide reliably embedded length when such cracks can run parallel to the

rebars.
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Figure 2.16 Performance of Eq. (2.17) for the increase factor of development
length in pre-cracked concrete

By applying increase factor (K;) from Eq. (2.17) or wusing the ratio of

(Mgxp) pre—crackea! (MExp) un—-crackea- EQ- (2.12) can be rewritten as follows:

(2.18)

4 [P,
Myoaifiea—acr = 11 [c T K ] I
. tr

Finally, based on the accuracy of Eq. (2.18), modified ACI formulation for development length

of steel rebars in pre-cracked concrete is given by Eq. (2.19):
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(2.19)

To verify the efficiency of the proposed bond-slip model for un-cracked concrete, its

predictions are compared to some envelope curves from the experimental database. As shown

in Figure 2.17, results indicate that the proposed model is in good agreement with the

experimental database for small crack width (w < 1.0 mm). In terms of maximum and residual

bond stress, the proposed model gives a more conservative prediction but with a slower

descending slope in comparison with test results of Mahrenholtz (2012) (Figure 2.17(a)),

whereas a nearly exact match with the test curve of Idda (1999) is observed for the proposed

model (Figure 2.17(b)).
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Figure 2.17 Validation of proposed bond-slip model for small crack width by:

(a) Mahrenholtz (2012), w=0.10 mm (c/d, = 12.5, E./E, = 0.93);

(b) Idda (1999), w=0.25 mm (c/d,, ~ 6.25, E,/E, = 0.66)
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The differences are mainly attributed to the highly scattered nature of the concrete bond-slip
response, which can be exacerbated by the presence of initial cracks. Such deviations between
predictive models and experimental results have been reported by many researchers who
introduced different bond-slip models for intact concrete (Guizani et al., 2017; Wu & Zhao,
2012). Figure 2.18 examines the performance of the proposed model for a large crack width
(w=1.0 mm). Although the bond strength and residual bond stress are accurately predicted, the
proposed model overestimates the absorbed energy (area under the curve) which can be
attributed to the limit of the current database for a large crack width. There is a limit value of
the characteristic energy ratio, E./E,, about 0.37, below which the proposed model is not
efficient as the bond stress decreases more quickly, indicating a brittle behaviour. This is
explained by the fact that for lower values, slip mechanism is radically different and takes place
by wedging of the concrete key around the reinforcing rebar. Considering the most significant
importance of bond strength in standards rather than absorbed bond energy, the proposed
model performs very well in the case of large crack width. However, more experimental test

results are deemed necessary to validate and increase the precision of the model.
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Figure 2.18 Proposed bond-slip model versus experimental database (Brantschen et al.
(2016) for large crack width (w=1.0 mm, c¢/d;, = 15,E./E, = 0.05, four 18 mm diameter
longitudinal rebars for controlling cracks)
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Validation of the proposed model with experimental results obtained in this study is illustrated
in Figure 2.19. Results show that the proposed bond-slip model for pre-cracked concrete is in
good agreement with experimental curves of the current pull-out tests for crack widths up to
0.20 mm (Figure 2.19(a-c)). Generally, the bond strength predicted by the proposed model is
slightly lower than the measured bond strength obtained from the current pull-out tests so that
13.96%, 6.33%, and 0.96% reductions are found for crack widths of 0.10 mm, 0.15 mm, and
0.20 mm respectively (Figure 2.19(a-c)). The proposed model is found to accurately estimate
the residual bond stress for all crack widths (Figure 2.19) but overestimates the dissipated
energy by the bond mechanism for large crack widths so that 68.0% and 79.8% reduction of
the area under the bond-slip curves are obtained for crack widths of 0.20 mm and 0.30 mm
respectively. This can be attributed to the large slip corresponding to the residual bond stress
in the proposed model compared to the experimental bond-slip curves (Figure 2.19(c-d)) due
to the moderate confinement provided for some specimens in the experimental database (such
as Gambarova et al. (1989) and Brantschen et al. (2016)). As shown in Figures 2.18 and
2.19(d), for large crack widths, the bond-slip curves show abrupt reductions of the bond beyond
the bond strength point. This is a result of the brittle nature of the bond failure of pre-cracked
concrete, governed by a rapid degradation of the tensile resistance (mainly by aggregate
interlock) of concrete through the splitting crack. As there are not enough studies focusing on
purely unconfined pre-cracked concrete, more experimental tests are necessary to adjust or

calibrate the proposed bond-slip models.
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Figure 2.19 Validation of the proposed bond-slip model for pre-cracked concrete with
experimental results of this study:
(a) w=0.10 mm; (b) w=0.15 mm; (c) w=0.20 mm; (d) w=0.30 mm

Overall, results of this study indicate that the existence of crack around the rebar leads to a
significant change in rebar-concrete interaction properties, especially in the bond strength.
Hence higher development length should be considered for reinforced concrete members
exposed to the pre-cracking phenomenon. However, as crack width increases, the performance
of Eq. (2.12) presented by ACI Code (ACI 318R, 2014) decreases resulting in a less prudent
regulation where the development length predicted is smaller than the required length based
on the experimental database (non-safety region). However, adjusting the development length

in pre-cracked concrete by the increase factor, K;, results in a conservative prediction while
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maintaining a reasonably small deviation from the pull-out tests, even for large crack widths.
It is interesting to note that although pull-out tests have limitations in model development and
simulating realistic conditions, acceptable results can be achieved for comparative purposes
such as the current study. The limitations of pull-out tests are mainly attributed to the fact that
the stress state and crack pattern are different from the realistic conditions of splice zones
(Cairns, 2015; Guizani et al., 2017; Tastani & Pantazopoulou, 2009) so that pull-out tests
generate an arching action of compression struts that causes an additional confining action of
the bonded zone. Hence more investigations are necessary to study the bond-slip response of
rebar in pre-cracked concrete by other test specimen configurations such as beam-end, beam

anchorage, and splice specimens.
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Figure 2.20 Validation of the Eq. (2.18) with pull-out tests of this study
(ratio of (Mgyxp) crackea/ (MExp) un—-crackea 18 used here for increase factor)



86

2.5 Performance of standards

As mentioned in Table 2.3, there are some considerations in codes for reducing the bond
strength due to the pre-cracking phenomenon. German National Code (DIN-1045-1,2001) and
Italian National Code (NTC-08, 2008) have considered the value of 2/3 (0.67) for the ratio of
pre-cracked to un-cracked bond strength. They have determined the crack width of 0.20 mm
for this regulation. The performance of this specification concerning the used database and the
obtained experimental results are shown in Figure 2.21. Results indicate that for crack widths
smaller than 0.20 mm, the regulations considered by German and Italian national codes are
conservative enough while they largely underestimate the degradation of bond strength for
larger crack width (w > 0.20 mm). Despite the other national codes, the predicting model
presented by the fib Model Code 2010 (Table 2.3) considers rebar diameter by the ratio of
w/d}, in the reduced bond strength formulation which leads to more conservative prediction
up to the crack width of 0.50 mm. This underestimation is appropriate for design codes in
which the safety factor is considered. However, no regulation has been determined for w >
0.50 mm in the fib Model Code 2010. As shown in Table 2.3, only very few design codes have

considered the effect of the pre-cracking phenomenon and more regulations are necessary.
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Figure 2.21 Performance of existing standards for predicting the effect of pre-cracking
on bond strength (all databases)
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To separately compare the results of tests from the current study with the available standards,

the reduction factor (RF) is defined as below:

RF = [1 - (M)] x 100 (2.20)

Tuncracked

Similar to Figure 2.21, results of the pull-out tests illustrate that these codes are conservative
enough for cracks lower than 0.20 mm so that there is a significant difference between
reduction factors of codes compared to the experimental results (Figure 2.22). Despite the
Italian (NTC-08, 2008) and German National Codes (DIN-1045-1, 2001), the fib Model Code
2010 shows a prudent estimation of the degraded bond strength of pre-cracked concrete which
similarly illustrated in Figure 2.21. Hence, more regulations are necessary for standards to
reflect more accurately degradation of bond strength due to the pre-cracking phenomenon

caused by corrosion or past overloading especially for crack width larger than 0.50 mm.
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Figure 2.22 Performance of the standards for predicting the effect of pre-cracking
on bond strength (pull-out test)
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2.6 Summary and concluding remarks

This study presents a detailed explanation of a highly ignored issue in rebar-concrete interface
properties, the pre-cracking phenomenon. Along with an experimental test, a database of
previous research has been used to propose a modified bond-slip model as a function of the
crack width. The following important concluding remarks are drawn:

- Induced cracks cause significant reduction in rebar-concrete interface strength so that crack
widths of 0.10 mm, 0.15 mm, 0.20 mm, 0.30 mm, and larger than 0.40 mm result in 3.61%,
19.37%, 30.54%, 54.87%, and 82.10% reduction in bond strength respectively. Even
though there is no corrosion, for crack width less than 0.30 mm based on standard
recommendations, there is a significant reduction in bond strength. Thus, standards should
take into account bond reduction due to the pre-cracking phenomenon in reinforced
concrete caused by other sources than corrosion.

- The pre-cracking phenomenon has an adverse effect on energy dissipated by the bond
mechanism so that larger crack widths result in considerably lower energy absorbed value,
which is an illustration of the brittle behaviour.

- The proposed local bond stress-slip law for steel rebar embedded in pre-cracked concrete,
Eq. (2.2), reasonably reproduces the monotonic experimental local bond stress-slip
response for both experimental database and results obtained by the current study.

- An adjustment factor of the development length in pre-cracked concrete is proposed in Eq.
(2.17) as a function of crack width. Results show that the application of this factor leads to
a conservative prediction of the required development length showing small deviation from
the pull-out tests, even for large crack widths.

- Considering the pre-cracking phenomenon, codes are conservative for crack width smaller
than 0.20 mm so that there is an acceptable difference between the reduction factors of
codes compared to the experimental results while they largely underestimate the degraded

bond strength for larger crack widths (w > 0.20 mm).

As a limited set of parameters are considered in the experimental database such as compressive

strength (f', < 60 MPa), rebar diameter (d;, < 18 mm), and rebar-concrete interfacial test
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(pull-out test), more experimental studies are necessary to determine the efficiency of the

proposed model for pre-cracked concrete.
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Abstract

Although extensive bond models have been developed for use in the numerical simulation of
an uncracked reinforced concrete, no simplified method exists providing satisfactory accuracy
and efficiency for pre-cracked concrete. This paper intends, therefore, to explain bond failure
mechanisms in pre-cracked concrete - as compared to intact concrete - using a simplified
theoretical model. The main bond failure mechanisms considered in this study involve: 1)
crushing a wedge-shaped concrete block using reinforcing rebar ribs, and 2) tearing off the
concrete between two adjacent ribs. Based on these scenarios, analytical expressions are
derived to predict the average bond stress for uncracked concrete, in which the bearing angle,
the rib face angle, the rib height, the rib spacing, and the friction coefficient between surfaces
are the key parameters. A modified version of this model is proposed to predict the bond
strength of rebars embedded in pre-cracked concrete by introducing a reduction factor of
surrounding confinement caused by the pre-cracking phenomenon. An experimental program

is also conducted to validate the proposed models. Experimental results emphasize the crucial

2 Mousavi, S. S., Guizani, L., & Ouellet-Plamondon, C. M. (2020). Simplified Analytical Model for Interfacial
Bond Strength of Deformed Steel Rebars Embedded in Pre-cracked Concrete. Journal of Structural Engineering,
146(8), 04020142. DOI: https://doi.org/10.1061/(ASCE)ST.1943-541X.0002687
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impact of the pre-cracking phenomenon on both the bond strength and the failure pattern.
Analysis results show that the bearing angle and surrounding confinement by concrete cover
are crucial parameters controlling bond failure of rebars in pre-cracked concrete. The results
also indicate that as the crack width corresponding to the low confinement increases, rib sliding
is expected to occur as an illustration of weak interfacial strength. The proposed bond

mechanism models are also in good agreement with the experimental observations.

Keywords: bond mechanism model; pre-cracked concrete; rib geometry; bearing angle.

3.1 Introduction

Pull-out failure develops under conditions of sufficiently thick concrete cover (moderately
confined) or well confined by transverse steel reinforcement. High concrete cover-to-rebar
diameter ratio confinement (c;/d, =2 and = 3.00 (Esfahani & Rangan, 1998; Turk et al.,
2005; Walker et al., 1997)), without transverse steel, is defined as a moderate confinement
condition. A similar trend has been suggested by ACI Code (ACI 318R, 2014), in which for
confinement term (¢, + k;-)/d,, higher than 2.5, a pull-out failure is likely to occur. Shear
mechanics dominate the bond strength of rebar in pull-out failure mode, which is directly
affected by the rib geometry of deformed rebar (Choi & Yang, 2010; Choi et al., 2010; Choi
& Lee 2002). The ratio of rib spacing-to-rib height (S, /h,) has been used to consider the
influence of rib pattern on possible failure modes (Rehm, 1957). Possible pull-out failure
mechanics for a low and medium rib spacing-to-height ratios include (1) concrete shear-off
between two adjacent ribs along the key line for well or moderately confined concrete (Wu &
Chen, 2015), and (2) crushing of wedge-shaped concrete blocks on the rib-front face for weak
confinement (Choi et al., 2010). It is worth emphasizing that rib spacing is more crucial in this
classification (S,./h,) so that small rib spacing corresponds mainly to shear off, while the
second failure mode is dominant for the cases of large rib spacing (Fernandez Ruiz et al., 2005).
However, previous studies have confirmed the impact of rib height on the experimental results
of the second mode of failure (Darwin & Graham, 1993; Han et al., 2018). The second failure

mode accompanies crack opening at the tip of the ribs, denoted as splitting cracks. Propagation
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of splitting cracks along with the concrete crushing depends on the surface roughness so that
in some cases, concrete crushing angle is equal to the rib face angle (Cairns & Abdullah, 1996).
Extensive research has been performed to study the effect of ribs’ geometry on local bond
strength (Han et al., 2018; Lutz & Gergely, 1967; Rehm, 1957). Ribs’ geometries include rib-
face angle, rib height, and rib spacing. Several studies have reported that the rib face angle
ranging from 45° to 57° (Menzel, 1939) and also 48.5° to 57.8° (Skorobogatov & Edwards,
1979) imposed a similar effect on bond-slip behaviour. However, results have indicated that a
small rib-face angle (less than 15° (Soretz & Holzenbein, 1979), less than 30° (Lutz & Gergely,
1967; Rehm, 1957), and also less than 40° reported by Murata and Kawai (1984)) results in
weak bond strength. To determine the effect of rib geometry on bond strength, bond index
(also called relative rib area, fz), which is the ratio between the area of the projection of a
single rebar and the cross-section of a deformed rebar, has been defined by previous researches
as the ruling criterion (Cairns & Jones, 1995; Darwin & Graham, 1993; Hong & Park, 2012;
Rehm, 1957). Approximate relation of f; = h,./S, can be considered for bond index. Darwin
and Graham (1993) have shown that as bond index varies between 0.05 and 0.20, bond strength
increases about 10%. In this field, Cairns and Jones (1995) have reported a 30% increase in
bond strength for bond index variation from 0.05 to 0.10. As a confirmation of this trend,
experimental results presented by Metelli and Plizzari (2014) have shown that bond strength
is strongly dependent on the relative rib area so that 40% increase has been obtained for bond
index variation from 0.04 to 0.10. Hence, it can be deduced from the mentioned literature that,
overall, analysis of previous studies confirms the fact that rib geometries have important roles

in bond mechanism and bond strength.

Although extensive studies have concentrated on characterizing bond properties in uncracked
or intact concrete (Eligehausen et al., 1983; Mahrenholtz & Eligehausen, 2017), further
investigations are needed to study the structural significance of bond decay in induced cracked
concrete, denoted as the “pre-cracking phenomenon (Mousavi et al., 2019)”, especially based
on different mechanisms of bond failure. In bond-slip research, pre-cracked concrete triggers
a situation in which cracks develop through a plane containing a rebar axis before the rebar is

pulled out from concrete blocks (Mousavi et al., 2019). Different situations can cause the pre-
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cracking phenomenon including corrosion (Desnerck et al., 2015), mechanical pre-loading
(Brantschen et al., 2016; Mousavi et al., 2019), biaxial load transfer (Hadidi & Saadeghvaziri,
2005; Lindorf et al., 2009; Saadeghvaziri & Hadidi, 2005), multi-axial stress states (Cervenka,
1985; Purainer, 2005), and transverse tension (Lindorf, 2011). These cases do not necessarily
imply a bond failure before the maximum capacity of rebar-concrete interaction, besides the
contact surface between rebar and concrete-through the ribs- is reduced (Brantschen et al.,
2016). Whereas some research has been done to determine the effect of the pre-cracking
phenomenon on bond strength (Brantschen et al., 2016; Gambarova et al., 1989; Idda, 1999;
Mousavi et al., 2019), there is no specific study on the formulation of bond strength of steel
rebar in moderately confined pre-cracked concrete as a function of the rib pattern and failure
mode. The mechanism of pre-cracking is similar to bond splitting cracking and mainly affects
the bond-slip behaviour of the rebar (Mousavi et al., 2019). Previous studies on pre-cracked
concrete have been mainly concentrated on the residual bond stress of steel rebar as a function
of crack width in pre-cracked concrete (Gambarova et al., 1989; Idda, 1999; Matsumoto et al.,
2016). Different test setups with active or passive confinement have also been developed to
experimentally simulate the pre-cracking phenomenon. Recently, Brantschen et al. (2016) have
studied the phenomenon of bond in pre-cracked concrete by presenting the results of an
experimental investigation with 89 monotonic pull-out tests. Crack openings ranging from 0.20
mm to 2.0 mm are considered in their pre-cracking tests. They showed that in-plane cracking
has a significant effect on both the strength and bond-slip stiffness. Moreover, they used the
aggregate interlock approach to analytically study the effect of in-plane cracking on bond
behaviour, considering the bond index. However, they reported that the bond index, in its
current form, could not adequately characterize bond properties in cracked concrete. They
recommended that other rib geometry parameters, such as rib orientation, lug width, and
spacing, be used separately for different rebar types for future studies related to the pre-
cracking phenomenon (Brantschen et al., 2016). Although Mousavi et al. (2019) presented a
specific bond-slip model, as well as a development length formulation for steel rebar embedded
in pre-cracked concrete, they only used the crack width (ranging from 0.10 mm to 0.4 mm) in

their formulations in a bid to consider induced cracked effects, and not the rib geometries.
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Hence, a more specific bond model is needed to take into consideration the rib geometries of

rebar embedded in pre-cracked concrete.

To numerically simulate the internally-damaged reinforced concrete (RC) members (such as
elevated temperature (Khalaf et al., 2016), freeze-thaw damage (Petersen et al., 2007; Wang et
al., 2019), corrosion (Feng et al., 2015; Jiang et al., 2018; Lin et al., 2017), etc.), modified
analytical models are presented by considering damage-dependent parameters. Similarly, the
pre-cracking phenomenon can generate internal damages in concrete bridge decks due to the
changes in the volume of a restrained mass of concrete (Saadeghvaziri & Hadidi, 2005),
transverse reinforcement in two-way slabs (Dawood & Marzouk, 2012; Einpaul et al., 2016),
joints of precast elements (Joergensen & Hoang, 2015), and cracks in punching phenomenon
(Brantschen, 2016; Brantschen et al., 2016). Accordingly, a modified bond model is necessary
to (a) apply in numerical simulation of the mentioned RC members with the high risk of
cracking parallel to the reinforcement direction; (b) use in structural evaluation of existing
structures, more specifically predicting anchorage performance or capacity of a member
subject to observed existing cracks. Hence, the present study intends to pursue the following
questions:

1. How much does the crack width affect the bond strength of steel rebar in pre-cracked

concrete?
2. How can the bond strength of steel rebar embedded in pre-cracked concrete be predicted

by a specific bond mechanism as a function of the rib geometries of rebar?

With regard to the first question, an experimental program is conducted in this paper to
introduce a reduction factor for bond strength as a function of crack width-to-rib height ratio.
For the second question, a simplified theoretical model is presented to formulate the bond
strength as a function of two distinct failure modes, which depend directly on the rebar ribs

geometries and the crack width.
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3.2 Experimental program

A total of 18 monotonically loaded pull-out tests are carried out using uncracked and pre-
cracked specimens to (1) obtain a better understanding of the rebar-concrete interface exposed
to the pre-cracking phenomenon, and (2) validate and calibrate the analytical procedure on the
formulation of local bond strength proposed in this paper. Direct pull-out tests are carried out
by applying a tensile force directly on the rebar by gripping the rebar from one side of the
specimen (Figure 3.1(a)). The unloaded end slip is measured with a linear variable differential
transformer (LVDT). An automatic data acquisition system is used to record the data. A
displacement-controlled pull-out force is applied at a rate of 0.5 mm/min. To simulate the pre-
cracking, an indirect tensile test (Brazilian splitting test) is used and calibrated for cylindrical
concrete blocks with rebar placed at the center of specimens (Figure 3.1(b)). A displacement-
controlled loading at a rate of 0.15 mm/min is applied to impede splitting failure during the
pre-cracking loading. To measure the crack width, two crack gauges are installed on both sides
of the concrete cylinders. The ultimate crack width is directly measured after the pre-cracking
procedure is stopped. Because this paper focuses on the effect of the pre-cracking phenomenon
on bond behaviour, including interfacial strength and failure modes, an attempt is made to
prevent splitting bond failure by providing enough concrete cover around the rebar
(c./dp = 7.5). To accurately control crack widths, especially for those larger than 0.20 mm,
a smaller-size NC2 is also considered in the experimental program. The embedment length of
the rebars is 5d,;, for all specimens. A summary of the experimental program and its main

results are presented in this study. Further details can be found in Mousavi et al. (2019).

As the brittle nature of concrete makes some difficulties on simulating the pre-cracking
phenomenon in unconfined concrete (without transverse reinforcement) (Desnerck et al., 2015;
Mousavi et al., 2019), two types of specimens with different cylindrical dimensions and
concrete strength are tested in the experimental program including NC1 specimen dimensions
of 150 mm X 306.5 mm and f’;, = 47.9 MPa; and NC2 with dimensions of 150 mm x 113
mm and f’, = 58.8 MPa. Further details of concrete composition and materials can be found

in a recently published paper by Mousavi et al. (2019). In all cases, the rebar is positioned at
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the center of cylinders. The used steel rebars have a diameter of 10 mm in conformity with the
CSA-G30.18-400W (CAN/CSA-G30.18-09 2009) with a specified yield strength and ultimate
tensile strength of 432 and 620 MPa respectively. The surface characteristics and rib pattern
of the rebars used are shown in Figure 3.2. The average value of a rib—face angle for rebars

used in the experimental program is about 55 degrees. The ratio of rib spacing-to-rib height
(S,-/h,) is about 7.0.

(b)

(C) Pull-out Splitting

(d)

Figure 3.1 Experimental program: (a) test set-up; (b) pre-cracking test;
(c) failure modes for uncracked concrete;
(d) pull-out failure of pre-cracked concrete with w < 0.15 mm
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Figure 3.2 Rebar geometry used in the experimental tests

3.2.1 Experimental results and observations

The effect of the crack width on the bond behaviour is analyzed in this section. Maximum bond
stress (called bond strength, 7,,,,) and the reduction factor (p,,) caused by the pre-cracking
phenomenon are the critical mechanical properties extracted from the results. As mentioned
widely in the literature (Guizani et al., 2017; Wu & Zhao, 2012), for the short bond region
(generally five times the rebar diameter), bond stress is close to uniform distribution and can
be used to get a better measure of local bond strength by the average bond stress. Hence, in the

pull-out test, average bond stress is used as:

F
T= 3.1

- mdyl,

where F is the tensile load, dj, is the rebar diameter, and [, is the embedded length. A summary
of results obtained from the bond tests, as well as the failure modes are given in Table 3.1.

Crack width, w, maximum bond stress (bond strength), 7,4, and residual bond stress, 7. ,
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are reported as the main parameters. The normalized bond strength considering the

compressive strength of concrete, defined by the ratio 7,4,/ \/ﬁ, as well as the failure mode
(pull-out or splitting), are reported for each test (Figure 3.1(c)). The identification of the
specimens listed in Table 3.1 is patterned as follows: “NCx” for specimen type (x=1 or 2); “U”
for uncracked reference concrete; and “Cx” for pre-cracked concrete with a crack width equal
to x/100 mm. After pre-cracking, samples with crack widths of 0.10, 0.15, 0.20, 0.30, and 0.4
mm are obtained for both types of concrete specimens (Table 3.1). General observations show
that cracked specimens with w > 0.15 mm failed following the splitting of concrete

surrounding the rebar, while pull-out failure modes are observed for small crack widths (Figure
3.1(d)).

Table 3.1 Experimental results

Specimen w Tmax Tres rsegsztgi:)l:l Failure
Id. Tmax/ \/ﬁ n' mode?
mm MPa MPa (%)

NCI-U 0.00 ?377 11) ?1'.722) i 3.28 3 | ppp
NCI-C10 | 0.10 %11.'2869) ?1'?635) 361 3.16 2 | pp
NCI-CI5 | 0.15 (1185371) ?(').1348) 19.37 2.65 2 | pp
NCI1-C20 | 020 (1259797) ?1' '1746) 30.54 228 3| 88s
NC2-U 0.00 f1517 59) fl'i?@ i 3.36 3 | ppp
NC2-C20 020 | 18.05 | 000 _ |30.03 2.35 1 [s
NC2-C30 | 030 (111.'76:) ?6.9241) 54.87 1.52 2 | ss
NC2-C40/50 | 04 ?().6124) ?(')"‘519) 82.10 0.60 2 | ss

'number of specimens tested for every test series.? P=pull-out failure; S=splitting failure.
Note: data inside the parentheses denote the standard deviation

As the results reported by Brantschen et al. (2016) and Mousavi et al. (2019) showed the crucial

role of the rebar diameter on the behaviour of cracked specimens, the dimensionless ratio of
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crack width-to-rebar diameter (w/d}) is used in describing the bond properties in cracked
concrete. The normalized bond strength versus the w/d), ratio is illustrated in Figure 3.3. A
good correlation (R? = 0.95) exists between the experimental data and the w/d,, ratio, as
expressed by Eq. (3.2). A value of 3.40 is obtained for uncracked concrete (based on Eq. (3.2)),
while the pre-cracking phenomenon had a considerable impact on the normalized bond

strength.

T w
=2 = —63.82— + 3.40 (3.2)

T 2

Based on the proposed equation for the normalized bond strength of rebar in pre-cracked

concrete, cracks larger than about 0.60 mm resulted in zero bond strength (7,4, / m =~ 0).
General observations show that the crack width significantly changes the interfacial bond
behaviour, leading to bond failure changes for crack widths larger than 0.15 mm (Figure
3.1(c)). A crack width of 0.10 mm (NCI1-C10) had no significant (less than 5% reduction)
effect on the bond strength (Figure 3.3) or the bond-slip behaviour. Furthermore, steel rebar
embedded in NC1-C10 is pulled out of concrete without splitting crack (Figure 3.1(d)), which
is the same as for uncracked concrete (NC1-U). However, in the 0.10 mm < w < 0.15 mm
case, there is a fairly high reduction in the bond strength (Figure 3.3). Crack widths larger than
0.15 mm caused a significant reduction in bond strength along with a change in failure mode
(Table 3.1). The results summarized in Table 3.1 and Figure 3.3 clearly demonstrate that the
bond behaviour of pre-cracked concrete for w > 0.15 mm is governed by the splitting failure
mode similarly as for uncracked concrete, in which a sudden drop in bond resistance can be
observed until an equilibrium is reached between the radial component of the post-splitting
bond stresses and the post-splitting confining action (tensile resistance of the concrete)
(Harajli, 2009; Mousavi et al., 2019). This can be attributed to the change in failure mode,

which is analyzed analytically by the following sections.
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Figure 3.3 Normalized bond strength concerning w/d,, ratio

Bond failure mechanisms in uncracked concrete are followed by the surface separations in both
parallel and perpendicular directions. Induced cracks due to the pre-cracking phenomenon
result in a similar surface separation, but with more significant impacts (Mousavi et al., 2019).
Murcia-Delso & Benson Shing (2014) presented the only bond-slip model in the literature
considering surface separations for uncracked concrete. They related bond reduction to rib
height without concentrating on the pre-cracking phenomenon. Accordingly, a reduction factor
(Pm) can be obtained for pre-cracked concrete by the experimental results, as a function of

surface separation, as follows:

_ (Tmax)pre—cracked

pnm

(Tmax)uncracked
(3.3)
1 w/2 < 0.026h,
D = (-8.1420)
nm 1.58e hy 0.026h, < w/2 < 0.15h,
0 w/2 > 0.15h,

where p,,,, 1s a reduction factor of bond strength that considers the opening of cracks due to

the pre-cracking phenomenon in concrete. The performance of the proposed model is shown
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in Figure 3.4. The dependence of the reduction factor on the ratio of crack width-to-rib height
(Eq. (3.3)) can be attributed to the fact that the loss of bond strength is related to a reduction in
the contact surface between the steel ribs and the concrete. For well-confined situation
(uncracked concrete and w < 0.10), the interface separation is very small; consequently, the
reduction ratio will be equal or very close to one (p,,;, = 1). Based on the experimental results,
the domain of w/2 < 0.026h,. is considered in the Eq. (3.3) for the reduction factor equal to
1.0. Based on the model presented by Murcia-Delso & Benson Shing (2014), if the interface
separation is larger than the rib height, the contact between ribs and the concrete is lost, and
the bond resistance disappears (p,,, = 0). However, the value of 0.15h,. is obtained based on
Eq. (3.2) (w = 0.60 mm) as a critical separation value for complete loss in bond strength. This
can be attributed to the significant reduction in compressive strength of surrounding concrete
due to the pre-cracking phenomenon, which has been reported by several works (Belarbi &
Hsu, 1991; Kollegger & Mehlhorn, 1990; Mikame et al., 1991; Shirai & Noguchi, 1989;
Vecchio & Collins, 1993). Considerable effect of compressive strength on the rebar-concrete

interfacial strength has been frequently confirmed (Guizani et al., 2017; Mousavi et al., 2017).
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Figure 3.4 Performance of the bond reduction factor defined by Eq. (3.3)
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3.3 Proposed models for bond strength formulation

Most previous research works on the bond behaviour of rebar in pre-cracked concrete have
ignored the impact of separation on the rib front face. They just consider the effects of
transverse tensile strain after pre-cracking by reducing the concrete compressive strength, and
not the surface separation (Cervenka, 1985; Vecchio & Collins, 1993). Hence, this section
intends to propose a simplified theoretical model for local bond strength formulation,
considering the contact separation between the rebar and the surrounding concrete. As shown
in Table 3.1, the pre-cracking phenomenon changes the failure mechanism at the rebar-
concrete interface. Possible failure mechanisms of uncracked and pre-cracked concrete can be
observed at rebar surfaces, as illustrated in Figure 3.5. The main bond failure mechanisms of
deformed rebar embedded in uncracked and pre-cracked surrounding concrete are respectively
the tearing off the concrete keys on the rib front (Figure 3.5(a)) and crushing of the concrete
in shear due to the wedging action of the ribs (Figure 3.5(b)). Enough concrete cover around
the rebar provides moderate confinement to impede splitting failure, resulting in the first failure
mechanism (shear-off concrete). In the latter failure mechanism, the opening of primary cracks,
caused by the pre-cracking phenomenon, occurred simultaneously with the crushing of a
wedge-shaped concrete (Figure 3.5(c)), preventing concrete shear-off between two adjacent
lugs. A sudden clearance could occur in the cases of large crack widths. Given these
classifications and assumptions, simplified theoretical models are expressed for each of the
failure modes in the following subsections. In the case of splitting failure modes in “uncracked”
and “pre-cracked” concrete, the resultant movement of the concrete relative to the rebar
(RMvt) is considered in the present study (Figures 3.8 and 3.12). Horizontal (tangent)
component of RMvt corresponds to the relative slippage of concrete to the rebar, while its
radial component corresponds to the crack opening occurring simultaneously with the slippage,
which is confirmed by Guizani et al. (2017) and Murcia-Delso & Benson Shing (2014). Hence,
as crack opening varies during the test, it is worth mentioning that the w referred in the paper

represents the initial crack width.
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Concrete shear-off

Crosled wedge |

Figure 3.5 Failure mechanism: (a) sheared-off concrete in uncracked specimens;
(b, ¢) crushed wedge-shaped concrete blocks in pre-cracked specimens

3.3.1 Uncracked concrete

Although the classification of bond failure mechanisms was presented before by theoretical
models developed by Wu & Chen (2015) and Choi et al. (2010), more experimental proof is
needed to validate their theories. Hence, this study uses both types of failure mode mechanisms
to test the validity of these theories by experimental results for uncracked and pre-cracked
concrete separately. For both failure mechanisms, frictional force, cohesion strength of steel-
concrete and concrete-concrete interfaces along with rib—face angle, «, and bearing angle, 3,
are the main resistance parameters described in the following subsections. Bearing stress on

the rib-front face, g, and shear stress on the rib-front face, 7, are the two interfacial stress
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between rebar-concrete surface interaction. Both flat and non-flat portions of the rebar-
concrete interfaces are considered in this paper. Wu & Chen (2015) and Dehestani et al. (2017)
introduced different analytical and empirical equations for bearing stress on the rib-front face
at the rebar-concrete interface, oy, at bond failure which are shown in Egs. (3.4) and (3.5)

respectively:

o="1"¢ (3.4)
o h( 2.88 ) (3.5)
q uy \1+ 2.7e—0.75(cc/dp)

where compressive strength of the surrounding concrete (f’,) is the main parameter for
defining bearing stress. Neglecting cohesion at the steel rebar-concrete interface, shear stress
on the rib-front face at the rebar-concrete interface can be defined by the Mohr-Coulomb model

making use of the friction coefficient between concrete and steel, p:

s (3.6)

Different values have been used in the literature for the coefficient of friction between concrete
and steel, y; . Baltay & Gjelsvik (1990) suggested the value of 0.47 under stress levels between
0.007 MPa and 469 MPa (1 and 68000 psi). Also, Rabbat & Russell (1985) reported values in
the range of 0.57—0.68 under normal compressive stresses ranging from 0.14 MPa to 0.69 MPa.
Further, a targeted method of discrete element model (DEM) considering key parameters of
bond strength between concrete and steel rebar, reported by Dehestani et al. (2017), has shown
that a friction coefficient ranging from 0.61 to 0.64 is appropriate for steel-concrete interface
modeling in DEM used in the pressure-overclosure relationship. Zhao & Zhu (2017) have
reported the value of 0.28 for average static friction coefficients of the steel-to-concrete
interface. However, Zhao & Zhu (2018) have used the value of 0.45 as a best-fit formulation
for their proposed local bond-slip model. Hence, the results of the literature define the static

friction coefficient in the wide range of approximately 0.28-0.65. To derive more accurate
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friction coefficients for the concrete used in the experimental program (Mousavi et al., 2019),
the results of uncracked concrete are used, as introduced in the following subsections. By
substituting Eq. (3.5) into Eq. (3.6), the effect of friction coefficient will vanish in the
formulation. Hence, for the current study, the use of Eq. (3.4) is deemed more appropriate than
Eq. (3.5), since the friction coefficient is separately considered in shear stress on the rib-front
face. To define normal and shear stresses on the crushed and shorn-off part of the concrete-

concrete interface, Mohr-Coulomb (MC) failure theory criterion suggests:

T, = C + pyo, (3.7)

where u, and C are friction coefficient and cohesion strength between two layers of concrete
respectively. Zhao & Zhu (2017) reported the values of 0.52 and 0.54 for static and dynamic
friction coefficients between two layers of concrete, respectively. The average value of 0.53 is
used in this study. According to the study presented by Cairns & Abdullah (1996), the cohesion
of concrete is estimated to be 0.25f'... Cela (1998) used the visco-plastic Drucker and Prager

(DP) criterion to derive Eq. (4.8) for concrete cohesion strength:

c=Ff (1—sin1/J

€% 2cosp (3-8)

where 1 is the internal friction angle. Montoya et al. (2001) constituted a MC failure criterion
with a constant internal friction angle of 37 degrees. Arslan (2004) stated that the range of Y
is between 30 and 37 degrees for conventional concrete and Y = 37 degrees for high-strength
concrete. Although Eq. (3.8) is used for this study, similar values are obtained for cohesion
models; for example, in the case of f', = 47.9 MPa, cohesion strengths of 11.97 MPa and
11.94 MPa are predicted by Cairns & Abdullah (1996) and Cela (1998) respectively (also 14.70
MPa and 14.66 MPa for f'. = 58.8 MPa). The following subsections present formulations of
three bond failure mechanisms models for uncracked and pre-cracked concrete. Experimental

results of this study are also used to determine the performance of the proposed models.
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3.3.1.1 Mode-1 of uncracked concrete (UM1)

The mode-1 failure mechanism is defined by shearing-off the concrete key between two
adjacent ribs (Figure 3.8). The frictional force of the rebar-concrete interface at the flat portion
of rebar is considered in mode-1. Previous research has reported a classification in which this
type of bond failure mechanism corresponds to steel rebar with the rib ratio of S, /h, < 7.0
(Choi et al., 2010; Wu & Chen 2015). Strong rebar-concrete interaction can be deduced from
the complete shear failure, dominating this mechanism (Figures 3.5(a) and 3.6), which can be
attributed to the high tensile strength of concrete used and large rib height. On the other hand,
mode-1 of bond failure mechanism is a sustained status (particular case) of the mode-2 (section
3.3.1.2), in which several unsuccessful attempts by different transverse internal cracks

occurred to crush the concrete (f = 0).
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Equilibrium of the main crushed concrete in the horizontal direction (Figure 3.6) gives:
—TpSro + KTgXx; + T4ty cosa + gyt sina =0 (3.9)

where K is a reduction factor for horizontal steel-concrete interfacial pressure due to the pure
shear failure in this bond failure mechanism. K = 1 corresponds to the high contact pressure
similar to the first bond failure, while K = 0 indicate no contact pressure between horizontal
steel-concrete interfacial surfaces. Although, there is no specific experimental and theoretical
study concerning contact pressure at different points of steel-concrete interfacial surfaces, the
pure shear key line illustrated in Figure 3.6 shows that this reduction factor, 0.0 < K < 1.0,
should be calibrated for obtaining the bond strength. Substituting 7, from Eq. (3.6) into Eq.
(3.9) and utilizing calculation illustrated in Figure 3.6 for x, and t,, Eq. (3.10) is obtained for

the shear stress over the bearing concrete block:

T h

— = Kpy + |— (uy cota [1 — 2K] + 1) (3.10)
0q Sro

Introducing the average bond stress, 7., and integration of stresses into forces along the

rebar-concrete interface allows:

!
Tapeldply = TS, 0md), S—e (3.11)
T

Finally, by substituting Eq. (3.10) into Eq. (3.11), the average bond stress over the embedded

length can be obtained:

T S h
We — O ku, + [ = (uy[1 - 2K] cota + 1) (3.12)
g S, S

Eq. (3.12) uses a hypothesis in which bearing force on concrete keys for different lugs activates
at the same time so that the term of [,/S,, number of stucks concrete in front of lugs for

different rib spacings along the embedded length have no effect on average bond stress.
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Regarding Eq. (3.12), the average bond stress along the embedded length of rebar is a function
of:

Tave = f(O' 'MlﬂhT'SrﬂSrO’ a, K) (313)

Sensitivity analysis of Eq. (3.12) to the variation of parameters is shown in Figure 3.7.
Compressive strength of concrete, friction coefficients between rebar and concrete, rib—face
angle, rib pattern of rebar (height and rib spacing), and reduction factor for horizontal steel-
concrete interfacial pressure are the main parameters of average bond stress of mode-1. Rebar-
concrete interface frictional force is the only surface-surface strength parameter in mode-1 of
failure mechanism. It can be attributed to the quantity of the surface of rebar in contact with
surrounding concrete in the first bond failure mechanism. Compressive strength of concrete
(or normal stress at the rebar-concrete interface) and rib spacing (S,.) are the most effective
parameter for mode-1 (Figure 3.7(a)). As rib spacing increases, bond index (fg) or distance
between two adjacent ribs decreases, which results in lower bond strength. However, the length
of concrete key between two adjacent ribs shows different trends so that higher value of S,
results in higher bond strength. This can be attributed to the relation between S, and S,, which

can approximately determine by:

S, —S.o=B (3.14)

where B < B is the length of the top horizontal section of ribs (Figure 3.2) which has no
significant impact on interfacial bond strength. As B increases, efficient interfacial surfaces

between rebar and concrete decreases, so that reduces the bond strength.

Rib-face angle has the lowest impact on the average bond stress compared to other variables.
Similar results have been reported in the literature (Lutz & Gergely, 1967; Menzel, 1939;
Skorobogatov & Edwards, 1979). Figure 3.7(b) precisely shows the effect of the rib-face angle
on bond strength for different values of friction coefficients. Parametric results indicate that
the rib-face angle higher than 45° has no considerable impact on bond strength. A similar result

has been reported by Murata & Kawai (1984) that the rib-face angle smaller than 40 degrees
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has a considerable effect on bond reduction. Concrete-concrete friction coefficient has no
impact on this failure mode. As mode-1 of bond failure mechanism is an ultimate limit of
mode-2 for well-confined condition (or intact concrete cover), failure would occur at the strain
corresponds to the pure shear strength of concrete. In this condition, the friction coefficient of
the concrete-concrete interface, denoted as the aggregate interlock, is less important than the
strength of concrete and the friction coefficient of the steel rebar-concrete interface. Figure 3.7
also shows that the reduction factor for horizontal steel-concrete interfacial pressure, K, has a

considerable impact on predicting bond strength corresponds to this failure mechanism.
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Figure 3.7 Sensitivity analysis of bond strength proposed by UM1:
(a) for a 10% increase in every variable (reference: @ = 55 degrees, f', = 40 MPa, u; =
0.4, h, =1.89mm, S, = 13.22 mm, S,; = 12.14 mm, and K = 0.7);
(b) effect of rib-face angle

3.3.1.2 Mode-2 of uncracked concrete (UM2)

The second mode of bond failure mechanism for uncracked concrete corresponds to the

concrete crushing by a wedge block of concrete at the rib-front face, as illustrated in Figure
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3.8. Previous studies classified this type of bond failure mechanism for steel rebar with the rib
ratio of S,./h, > 10.0 (Choi et al., 2010; Wu & Chen, 2015). In this bond failure mechanism,
separation of surfaces after concrete crushing causes sliding up the surrounding concrete.
Although there is no fact of the hypothesis in which concrete crushing with a wedge block of
concrete is weaker than the shearing-off concrete between two adjacent ribs, the shape of the
first failure mechanism shows an unexpected failure. This behaviour of bond failure may be
attributed to the incorrect surface interlocks due to rib height, rib spacing, the tensile strength
of concrete, and probably initial contact separation due to pre-cracking caused by previous
earthquakes or corrosion products (Brantschen et al., 2016; Desnerck et al., 2015; Matsumoto

etal., 2016; Mousavi et al., 2019).
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To present a simplified formulation for this mode, two directions of relative displacement
between steel rebar and surrounding concrete are considered including radial separation due to
the sliding up the movement of crushed concrete, and vertical caused by the slippage of the
crushed concrete parallel to the rebar axis. The horizontal force equilibrium of the crushed part

of the rib-front area (Figure 3.8) allows:

TgX1+ TgY1 COSQ + 04y; sina — Tty COS B — optysinf =0 (3.15)

where x4, y;, and t; are vertical and horizontal projection area (unit thickness out of planes),

as shown in Figure 3.8. Substituting 7, and 7,, from Egs. (3.6) and (3.7) respectively into Eq.
(3.15) gives:

_0q(1+ pycotp) — Ccotf
B (1 + py cotpB)

o, (3.16)

which relates the uniform distribution of radial pressure at the crushed area of the concrete-
concrete interface, g,,, to the normal stress on the rib-front face at the rebar-concrete interface,
04- Similar to the approach presented by Wu & Chen (2015), the compressive strength of
concrete is considered in the current study for g, for both flat and non-flat portions of the rebar-
concrete interfaces. Substituting the Eq. (3.16) into Eq. (3.7), the shear stress along the

wedging surface of the crushed concrete block is obtained as:

_ C+ pp04(1 + py cotf)
- (1 + pp cotp)

T, (3.17)

For determining the horizontal component of the shear stress, an uncrushed part of concrete is
considered. As shown in Figure 3.8, force equilibrium of the uncrushed part of concrete in

contact with the crushed block gives:

—T Sy + Tpticosf +o,t;sinff =0 (3.18)
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which results in the Eq. (3.19) for determining bond strength distributed over the spacing of

periodical ribs:

h, [t,(1 + u,cotB) —C

T= (3.19)
Sro H2
By utilizing the force equilibrium along the rebar:
_ Le
TaveTdple = TdpSyg 5 (3.20)

r

where [, and S, are rebar embedded length and periodical ribs spacing, respectively. Note that
the term of [, /S, in Eq. (3.20) represents the number of ribs in which crushed concrete stuck
to the front of lugs. To convert the shear stress over the rib spacing (7) to the average bond
stress over the embedded length (7,4, ), the term S, is considered in Eq. (3.19). By substituting
Eq. (3.17) into Eq. (3.19) and rewriting Eq. (3.20), the average bond stress over the embedded

length can be expressed as:

Tave h’T
=N t
o =5, L+ ot (3.21)

Hence, the average bond stress over embedded length for failure mode-2 can be expressed as

a function of:

Tave = f(o-ql t1, B, hy, Si) (3.22)

Compressive strength of concrete, the friction coefficient between rebar-concrete, bearing
angles, and rib deformations are the main parameters of average bond stress. Concerning the
bearing angle, S, different ranges of 30-40° by Lutz & Gergely (1967), 17-40° by Darwin &
Graham (1993), and 26-33° by Choi & Lee (2002) were reported for different rib-face angles.
So the value of 17 degrees is used in this study for the minimum bearing angle. Sensitivity

analysis of the Eq. (3.22) to different variables is shown in Figure 3.9(a). Results indicate that
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the compressive strength of concrete (or normal stress at the rebar-concrete interface) (Figure
3.9(b)), and rib height are the most effective parameter for Eq. (3.21), which has similarly been
reported by previous studies (Darwin & Graham 1993; Han et al., 2018). It can be deduced
from Eq. (3.21) that the proposed formulation is independent of the rib—face angle and can be
used for different types of rebar with rib pattern variation. Based on the sensitivity analysis
(Figure 3.9), a smaller bearing angle indicates a higher bond strength which was similarly
reported by Wu et al. (2012) for bond strength between enamel-coated rebar and concrete.
Similar to the bearing angle, Eq. (3.21) shows that as rib spacing increases, bond strength
reduces which can be attributed to the lower bond index (fz = h,./S,). Similar trend has been

stated by previous research (Fernandez Ruiz et al. 2005; Metelli and Plizzari 2014).
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Figure 3.9 Sensitivity analysis of bond strength proposed by UM2:
(a) for a 10% increase in every variable (reference: = 35 degrees, f' . = 40 MPa,
Uy = 0.4, h, =1.89mm, S, = 13.22 mm);
(b) effect of bearing angles with respect to the bearing stress on the rib-front face
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3.3.1.3 Performance of the proposed model for uncracked concrete

To determine the efficiency of the proposed model, the experimental results of uncracked
concrete are used in this section. The proposed model of the first failure mechanism for
uncracked concrete (UM1) shows obtainable results to be adjusted with the experimental
results especially for models with friction coefficient higher than or equal to 0.40 (Figure
3.10(a, b)). The friction coefficient of the rebar-concrete interface has a considerable impact
on bond strength. However, as shown in Figure 3.10(c, d), the proposed model for Mode-2 of
uncracked concrete considerably underestimate the bond strength compared to the
experimental results for both specimens of NC1-U and NC2-U. This can be attributed to the
fact that the ratio of rib spacing-to-height of rebar used in the experimental program is equal
to 7.0 which is lower than the range reported by Wu and Chen (2015) (S,./h, > 10.0) for
crushing a wedge-shape concrete. The parametric study shown in Figure 3.10 indicate that as
bearing angle increases, bond strength decreases so that bearing angle equal to the rib-face
angle (f = a = 55) represents the lowest interfacial strength, denoted as “rib sliding failure
mechanism”. In this case, the friction coefficient of the rebar-concrete interface (u;) has no

impact on bond strength while ¢, has a decisive role for a lower value of bearing angle.
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Figure 3.10 Performance of the proposed model for uncracked concrete:
(a) UM, specimen NC1-U; (b) UMI, specimen NC2-U; (¢) UM2, specimen NC1-U;
(d) UM2, specimen NC2-U

The parametric study illustrated in Figure 3.10(a, b) shows that the effect of friction coefficient
on UMI significantly reduces for a lower value of K while friction coefficient has a crucial

role in the performance of UM1 with higher contact pressure. Also, the results of the proposed
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model indicate that the reduction factor for contact pressure, K, has a critical role in the
performance of UM1. A reduction factor lower than 0.6 considerably underestimates the bond
strength especially for lower friction coefficient (Figure 3.10(a, b)), while UM1 model with a
reduction factor of 0.61 < K < 0.7 and a friction coefficient of 0.55 has the lowest deviation
from experimental results for both compressive strengths (Table 3.2). In the case of y; = 0.45
(reported by Baltay & Gjelsvik (1990) and Zhao & Zhu (2018)), values of 0.89 and 0.78 are

obtained for the reduction factor of contact pressure (Table 3.2).

Table 3.2 Results of UM for bond strength of steel rebar in uncracked concrete

Friction Best-fitted K [-]
Coefficient (1) Reference used
t fle=47.9 f'.=58.8
030 (Fernandez Ruiz et al., 2005; Zhao & Zhu, | 1.0 1.0
: 2017) (18.1%) (11.4%)
1.0 1.0
0.35 - (9.4%) (2.1%)
1.0 0.89
0.40 - (0.82%) (0.04%)
L , 0.89 0.78
0.45 (Baltay & Gjelsvik, 1990; Zhao & Zhu, 2018) (0.32%) (0.37%)
0.78 0.68
0.50 - (0.22%) (0.29%)
0.7 0.61
0.55 : (0.08%) (0.11%)
~ 0.60 (Dehestani et al., 2017; Rabbat & Russell, | 0.63 0.55
Ha =1 1985; Wu & Chen, 2015) (0.07%) (0.35%)

* data inside the parentheses indicate the deviation between predicted bond strength of UM1 with the
experimental results.

3.3.2 New model for pre-cracked concrete (CM)

Despite the observed failure modes for cracked specimens withw < 0.15 mm (pull-out, Figure
3.1(d)), no decisive observation is recorded for shearing-off the concrete for small crack
widths. Hence, one scenario is followed in this section to present a modified version of UM2

for pre-cracked concrete, in which the normal stress on the rib-front face at the rebar-concrete
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interface (gy) is reduced due to the reduction in the surrounding confinement by concrete. As
reported by Murcia-Delso and Benson Shing (2014), 70% of bond strength can be provided by
the bearing action between the rebar lugs and the surrounding concrete, while only 30% of
bond strength is included by the friction action. After the pre-cracking phenomenon, this 70%
portion of bearing force should be increased due to the separation of surfaces so that increases
the critical role of surrounding confinement by concrete. As shown in Figure 3.11, different
separation mechanisms can be occurred for pre-cracked concrete, including one-side and both-
side separations. Parameter of ¢ can be defined for determining the portion of every side on
bearing force. The value of ¢; = ¢, = 0.5 corresponds to the crack width of w/2 at every

side which is suggested by Brantschen et al. (2016) as an idealized pre-cracking phenomenon.

';{}ZWT _'1“_ w

a) b) b)

Figure 3.11 Different separation scenarios for cracked concrete:
(a) both-side separation; (b) one-side separation

Configuration of failure mechanism for pre-cracked concrete is presented in Figure 3.12. As
mentioned for uncracked concrete, weak rebar-concrete bond strength causes concrete
crushing in the front of the tip of rebar lugs. Hence, as illustrated in Figure 3.5(b), this failure

mechanism is more appropriate for determining bond strength. There is no need for gripping
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action of surfaces in uncracked concrete while for activating bearing force and gripping
contact, an initial slip of between rebar and pre-cracked concrete is necessary. The horizontal

force equilibriums of the crushed part of the rib-front area in Figure 3.12 can be expressed as:

Ltgx;+ T4y1 COsa + 04y Sina@ — Tty COSf — outy sinff =0 (3.23)

where t; , X1, and y; are derived from Figure 3.12. L is a reduction factor for contact pressure
due to the pre-cracking phenomenon. As determining the contact areas around the rebar after
pre-cracking is challenging and also inapplicable (illustrated in Figure 3.11), this reduction
factor approximately demonstrates the confinement pressure of interfacial surfaces. The value
of L =1.0 corresponds to uncracked concrete (Eq. 3.21) while L = 0 can be used for large

separation due to the pre-cracking phenomenon.

crushed part uncrushed pari
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© Crack opening (sliding up surface) during slippage as the radial component of RMwt

Figure 3.12 Failure mechanism of pre-cracked concrete at rib-front area
(unit thickness out of plane)
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Substituting the Egs. (3.6) and (3.7) into Eq. (3.23), the shear stress over the bearing concrete

block is obtained as:

_ C+pp04(1 4 py (1 —L)cota + Ly, cot )

T L+ Aot F) (3.24)

Similarly, to the uncracked concrete, force equilibrium of the uncrushed part of concrete in

contact with the crushed block gives (Figure 3.12):

—T (Sy0 — 21w cot@) + 1,t; cos B + o,t;sinff =0 (3.25)

which results in the Eq. (3.26) for obtaining bond strength distributed over the spacing of

periodical ribs:

o (h—pw)  [n+ctp)=C 626
(Sro — 293w cota) Mo

By using the force equilibrium along the rebar:

l
TapeTMdpl, = Trd,(Syo — 2¢,W cot a)S—e (3.27)
T

Finally, rewriting Eq. (3.27) allows obtaining the average bond stress over the embedded

length by:

Tave _ (hr - (P1W)
aq Sy

[1+ Ly, cotB + (1 — L)u, cotal] (3.28)

Hence, the average bond stress over the embedded length of pre-cracked concrete can be

expressed as a function of:

Tave = f(o-q; ,Lll, hr' S‘r' a, B: w, L: (pl) (329)
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The parameter of ¢, w considered in Eq. (3.28) determine the geometry impact of crack width
on bearing concrete blocks while the factor of L mainly determines the effect of pre-cracking
on surrounding confinement due to the separation of the surface. As confinement increases due
to the lower crack width, the factor of L increases so that the impact of £ will be higher than
a (Eq. (3.28)). However, for a lower confinement condition corresponding to a lower value of
L, the effect of @ on bond strength is dominant compared to the bearing angle. Sensitivity
analysis of parameters on Eq. (3.28) is shown in Figure 3.13 for a 10% increase in the value
for every parameter. Results indicate that concrete compressive strength, along with rebar
geometries (rib height and spacing) play a significant role in the bond strength of rebar in pre-
cracked concrete (Figure 3.13(a)). Parametric study of Eq. (3.28) shows that the contact
reduction factor due to the pre-cracking phenomenon has a significant impact on bond strength,
especially for lower values of bearing angles (Figure 3.13(b)). In the case of lower confinement
(lower value of L), the bearing angle has no significant impact on bond strength compared to

the case of high confinement (Figure 3.13(b)).

Cracks propagate after reaching the bond strength (crushing of concrete or contact sliding)
which generates a higher impact of the pre-cracking phenomenon on the residual bond stress
compared to the bond strength (Mousavi et al., 2019). Results for the splitting cracks measured
by Guizani et al. (2017) indicate that cracks mostly propagate after reaching the bond strength
for unconfined concrete and crack widths at bond strength are about 0.37 and 0.51 mm for
unconfined and confined concrete respectively. So, low residual bond stress and additional
slippage due to the crack-opening phenomenon leads to a lower slip of rebar corresponding to
the final stage of residual bond stress, which is similarly reported by Mousavi et al. (2019). A
lower slip at the residual bond stress phase is associated with a sudden drop in the bond-slip
curve as an illustration of a brittle bond failure mechanism. Hence, in the case of pre-cracked
concrete, initial crack width induced by the preloading can be used for calculating the bond

strength, as considered in description of L and ¢w in Eq. (3.28).



122

10.3
= 10 10.0 ,c_“\ 13 B
ko) ol
6(7;
5 = L

—g ED 11
83 g
T 0 )
o = 9 +
2 5
.g 5 m
=R
- 7

10 10 30 50

) Bearing angle, 3 (degree)

Figure 3.13 Sensitivity analysis of bond strength proposed for cracked concrete:
(a) for a 10% increase in every variable (reference: @ = 55°, f' = 40 MPa, u; = 0.4,

h,=189mm,S, = 13.22 mm, 3 = 20°,w = 0.1,L = 0.7,and ¢ = 0.5);
(b) effect of bearing angles concerning the reduction factor (L)

3.3.2.1 Performance of the pre-cracked concrete model (CM)

To determine the efficiency of the proposed model for bond strength of steel rebar in pre-
cracked concrete, experimental tests of this study are used in this section. Best-fitted values
obtained to accurately predict the bond strength are summarized in Table 3.3 for different crack
widths. An adjustment between bearing angle, 5, and the reduction factor of contact pressure
due to the pre-cracking phenomenon, L, is conducted to obtain the lowest deviation from the
experimental results. As confirmed by the proposed model for uncracked concrete (Figure 3.10
and Table 3.2), a value of 0.55 is used here for friction coefficient between steel rebar and
surrounding concrete (1) to study the efficiency of CM with experimental specimens. Overall,
results indicate that for crack widths smaller than 0.40 mm, the proposed model can accurately
predict the bond strength of steel rebar in pre-cracked concrete (Table 3.3). However, the

proposed model overestimates the bond strength for crack widths larger than 0.40 mm.
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Although this conservative and prudent prediction can be a good option for using in design
codes, some simplified coefficient could be defined for both bearing angle and contact

reduction factor.

Table 3.3 Results of CM for bond strength of steel rebar in cracked concrete

Crack Best-fitted values
width g ) Lo (Tmax)Eq. (3.27) (Tmax)Exp Deviation (%)
egree -
0.10 14 1.0 21.37 21.89 2.36
0.15 14 0.77 18.33 18.31 0.1
0.20 17 0.74 14.70 15.77 6.8
0.20 18 0.67 18.01 18.05 0.23
0.30 37 0.35 11.66 11.64 0.15
0.40-0.5 55 = 8.57 4.62 Overestimation

From Eq. (3.28) and Figure 3.14, it can be deduced that a good correlation exists between the
reduction factor of contact pressure and the reduction factor of bond strength (defined by Eq.

(3.3)). Hence, parameter L can be directly replaced by the factor p,,,,, as follows:

L =—027ppm? + 1.29p,m (3.30)
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Figure 3.14 Reduction factor of contact pressure relative to the reduction factor of bond
strength due to the pre-cracking phenomenon

Overall, results summarized in Table 3.3 indicate that as crack width increases, the bearing
angle of crushed concrete, 3, increases in the pre-cracked concrete. A good correlation exists
between the normalized bearing angle (8/a) and crack width (R?=0.92, Figure 3.15). Cracking
at the rebar-concrete interface changes the confinement condition. As shown in Figure 3.15,
high confinement condition attributes to the uncracked concrete or pre-cracked with low crack
width. Large crack widths cause a reduction on the rebar-concrete surface and results in a low
confinement condition. This weak rebar-concrete interface results in a rib sliding failure
mechanism with a bearing angle (f) close to the rib-face angle, a. It is worth emphasizing that
concrete cover is the only surrounding confinement for experimental specimens tested in this
study. All reported results are based on this determined condition. Hence, more experimental
studies are necessary to determine the effect of the pre-cracking phenomenon in concrete
confined by transverse reinforcement, different non-ferrous rebars, and also calibrate the
different coefficients presented in this study for predicting bond strength as a function of rib

geometries for more extensive conditions.
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Figure 3.15 Normalized bearing angel versus crack width for pre-cracked concrete

34 Conclusion

As there is no specific investigation on the prediction of the bond strength of steel rebar in pre-
cracked concrete, an experimental program is performed in this study to present a simplified
analytical model for the pre-cracking phenomenon. Further, this paper introduces a simplified
model for uncracked concrete, as well as a modified version by adjusting parameters for pre-
cracked concrete. Degradation of the surrounding confinement is considered as a function of

surface separation variables.

Regarding the main objective of this study, which is to present a practical and simplified bond
model for use in numerical simulations of reinforced concrete members, the proposed model
for uncracked concrete satisfactorily predicts the bond strength of steel rebar in moderately
confined uncracked concrete. Fundamental properties of the rebar geometries and contact

characteristics are considered in the proposed model. A frictional coefficient of about 0.55 is
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obtained as a best-fitted value of the rebar-concrete interface property based on the
experimental results. Regarding the rib geometries of rebar used in this study, mode-2 of
uncracked concrete (crushing a wedge-shaped concrete block) significantly underestimates the
bond strength, which is confirmed by several previous studies. The pre-cracking phenomenon
changes the bond failure mechanism so that by increasing the crack width, a weak rebar-
concrete interface leads to “rib sliding failure”. Although proposed models accurately predict
the bond strength of rebar in pre-cracked concrete of moderately confined concrete,

overestimate prediction is obtained for large crack widths (w = 0.40 mm).

Regarding the efficiency of the proposed model for pre-cracked concrete, very encouraging
and satisfactory results are obtained. However, more experimental studies are needed to adjust
the parameters of the proposed model for the high confinement condition, where the impact of
crack width opening can be controlled by transversal reinforcement. Moreover, only a
simplified model is presented in this study, while more experimental tests and verifications are

needed to achieve a perfect bond model for pre-cracked concrete.
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Abstract

Although previous research has shown a considerable influence of the pre-cracking
phenomenon on steel-congested concrete structures, only normal concrete (NC) has been
considered in the literature. Hence, this paper intends to study the effect of the pre-cracking
phenomenon on the bond response of pre-cracked NC, concrete with moderate slump flow,
and self-consolidating concrete (SCC). Initial crack widths ranging from 0.0 to 0.5 mm are
studied. Results show that initial crack widths larger than 0.10 mm have a significant influence
on bond properties so that higher than 30% and 50% reduction factors are obtained for the
maximum bond strength of concrete specimens exposed to the initial crack widths of 0.2 mm
and 0.4 mm respectively. Results show that concrete mixtures with higher workability are less
sensitive to the pre-cracking phenomenon as compared to NC mixtures. The average bond
stress of steel rebar in the pre-cracked SCC is found to be similar to that of the NC with a
slump flow of 200 mm, which is considerably better than for NC with 97 mm slump flow.
Moreover, results show that 65.8%, 80.6%, 88.5%, and 93.1% fracture energy reductions are
obtained for crack widths of 0.20, 0.30, 0.40, and 0.50 mm, respectively, as compared to small
crack width of 0.15 mm.



128

Keywords: bond strength; self-consolidating concrete; pre-cracked concrete; steel rebar;

flowability.

4.1 Introduction

Recently, there has been a growing tendency of studying bond responses of steel rebar
embedded in cracked concrete, denoted as “pre-cracking phenomena”, in which cracks develop
through a plane containing a rebar axis (Brantschen et al., 2016; Lindorf, 2011; Matsumoto et
al., 2016; Mousavi et al., 2019; Mousavi et al., 2020). Until now, different expressions have
been used in the literature for describing the pre-cracking phenomenon including mechanical
pre-loading (Brantschen et al., 2016), biaxial load transfer (Lindorf et al., 2009; Saadeghvaziri
& Hadidi, 2005), multiaxial stress states (Purainer, 2005), and transverse tension (Lindorf,
2011). These situations provide the propagation of cracks parallel to the rebar direction, which
generates internal damages at the rebar-concrete interface. Unlike the corrosion-induced
cracking at the rebar-concrete interface, plastic shrinkage cracks in steel-congested concrete
structures (Hadidi & Saadeghvaziri, 2005; Saadeghvaziri & Hadidi, 2005) and accidental
damages due to the previous overloading (such as earthquakes and/or overstress situations)
(Matsumoto et al., 2016) can cause pre-cracking phenomenon, in which corrosion has no

significant impact.

Recently, Brantschen et al. (2016) studied the bond behaviour of rebars in pre-cracked concrete
by presenting the results of an experimental investigation including 89 monotonic pull-out tests
with initial crack openings ranging from 0.20 mm to 2.0 mm. They have shown that in-plane
cracking has a significant influence on the maximum bond strength and bond-slip envelope
curve. Moreover, they have used the aggregate interlock approach for analytical modeling the
effect of in-plane cracking on bond behaviour, considering bond index. However, they have
reported that the bond index, in its current form, could not adequately characterize bond
properties in cracked concrete. They recommended other rib geometry parameters such as rib

orientation, lug width, and spacing for different rebar types for future studies related to the pre-
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cracking phenomenon (Brantschen et al., 2016). In this field, Mousavi et al. (2019) presented
a specific bond-slip model and also development length formulation for steel rebar embedded
in pre-cracked NC. They have considered crack width (ranging from 0.10 mm to 0.40 mm) in
their formulations. Recently, Mousavi et al. (2020) proposed a simplified model for bond-slip
response in pre-cracked NC. They used rebar deformations (rib height and distance) and crack
width to introduce an analytical model for predicting the bond strength of rebar embedded in

the pre-cracked concrete.

As reported by the previous research, steel-congested concrete members have been mostly
affected by pre-cracking phenomenon (Matsumoto et al., 2016), such as the typical surface
crack pattern of a slab specimen reinforced with transverse elements (cracks in punching area
around column) (Brantschen et al., 2016), flexural reinforcement in slabs (Dawood &
Marzouk, 2012), and joints (Joergensen & Hoang, 2015). However, only NC has been
considered in the previous researches, while relatively new generations of concrete mixture
have been used to relieve the steel-congested regions and maintain desired structural
behaviour, such as NC with a high slump (higher than 150 mm) and/or SCC with slump values
higher than 500 mm (Mousavi et al., 2017; Mousavi et al., 2016).

Few studies have investigated the effect of concrete workability on mechanical properties of
reinforced concrete members especially bond strength. They presented some conflicting
results. The addition of a higher amount of water, using different types of superplasticizer,
using a high amount of fine aggregates, using air-entraining (AE) admixture, and addition of
fillers are different approaches used for increasing the workability of concrete mixtures. Most
of these studies have concentrated on “the top bar effect” in which concrete mixtures with a
higher slump increase the risk of the bleeding phenomenon and tend to crack more easily. This
increases the porosity of the hydrated cement paste surrounding the lower parts of horizontally
placed rebar (Khayat & Guizani, 1997). However, despite the “top bar effect”, few studies
have determined the effect of concrete workability on normally-positioned rebar without
bleeding phenomenon. In this field, Collepardi & Corradi (1979) reported that the addition of

chemical admixtures (naphthalene-sulfonated polymer-based superplasticizers) improves the
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rebar-concrete bond strength for both ordinary and lightweight mixtures along with the
flowability of concrete mixtures. Similarly, Fu & Chung (1998) and Pop et al. (2015) reported
that with an increase in the fluidity of concrete mixture, the interfacial void content decreases
causing higher bond strength. However, Brettmann et al. (1986) showed that high slump NC
made with a high-range water-reducer (HRWR) has a lower bond strength as compared to a
low slump concrete of equal strength. In this field, Zilveti et al. (1985) reported that high slump
concrete has bond strengths comparable to that of low slump mixture, which was similarly
confirmed by Thrane et al. (2010). Some previous studies discussed these conflicting and
scattered results on the effect of concrete workability on the bond strength (Mousavi et al.,

2017, Mousavi et al., 2016).

Hence, the present study intends to determine the effect of concrete workability (or flowability)
on the bond response of steel rebar embedded in pre-cracked concrete. To address this issue,
the results of an experimental program are provided in the current study. Three different
concrete mixtures with different slump values are considered for this experimental program,
where the bond response of pre-cracked concrete is studied through pull-out tests. A
comparison study is performed on test results to determine the influence of using concrete with
high flowability in steel-congested concrete members exposed to the pre-cracking

phenomenon.

4.2 Experimental program

4.2.1 Materials

Three different concrete mixes are considered for this experimental program made of a general
use Portland cement (CSA A3001 type GU or ASTM C150 type I) with a density of 3.15 g/cm?,
natural sand with a maximum grain size of 1.25 mm and a specific gravity of 2.68, and gravel
with a particular gravity of 2.68 and a nominal maximum diameter of 14 mm and 20 mm for
normal (NC) and self-consolidating concrete (SCC) respectively. Limestone powder is used as

a filler in SCC mixtures with a relative density of 2.68 and a maximum particle size of about
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200 pum. The particle size distribution of the cement and limestone powder is illustrated in
Figure 4.1. Mixture proportions, fresh properties, and compressive strength are given in Table
5.1. NC1, NC2, and SCC correspond to NC with a slump of 97 mm, moderate flowable
concrete with a slump of 200 mm, and SCC with a slump flow of 709 mm respectively. Water-
to-total powder ratios of 0.41, 0.43, and 0.41 are considered for mixtures of NC1, NC2, and
SCC.

Table 4.1 Mixture proportions, fresh properties, and compressive strength

Constituent Quantity (kg/m)
NC1 NC2 SCC
Water 165 170 215
Cement (GU) 395 395 420
Limestone powder - - 105
Fine aggregate 788 788 940
Coarse aggregate (5-10 mm) 822 822 352
Coarse aggregate (10-14 mm) 258 258 219
Coarse aggregate (14-20 mm) - - 270
Superplasticizer 2.34 5.2 5.0
Viscosity modifying admixture - - 2.5
Air entraining admixture - 0.83 -
w/c 0.41 0.43 0.51
wip! 0.41 0.43 0.41
Fresh mix temperature (°C) 20.9 21.8 22.7
Slump (mm) 97 200 709
Ts0 (s) - - 2.37
Hardened density (kg/m?) 2453.80 2390.08 | 2375.70
/ 58.82 38.80 40.34
['e MPa) (1397 | (0.95) | (0.72)

! water-to-powder ratio, p=weight of powder (cement+limestone).
2 data inside the parentheses denote the standard deviation.
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Figure 4.1 Particle size distribution of the powders used in the present study

4.2.2 Specimens and test set-ups

For each mixture, 3 cylindrical specimens with a diameter of 100 mm and a height of 200 mm
are prepared to measure compressive strength. A total number of 26 cylindrical specimens with
a diameter of 150 mm and a height of 113 mm are also considered for pull-out tests under
monotonic loading including 9 uncracked and 17 cracked specimens (Figure 4.2(a)). All
specimens are cured for 28 days in a moisture room at 97.3% relative humidity (RH) and 23
°C temperature. To simulate the pre-cracking phenomenon, an indirect tensile test (Brazilian
splitting test) is considered for generating cracks in the plane of the rebar placed at the center
of cylindrical specimens (Figure 4.2(b)). A displacement-controlled loading with a rate of 0.15
mm/min is applied to prevent unexpected splitting failure during the pre-cracking loading. To
measure the crack width, two crack gauges are installed at both sides of concrete cylinders. As
crack width changes with unloading, the ultimate crack width is directly measured after
stopping the pre-cracking procedure (Figure 4.2(c)). Direct pull-out tests are carried out by

applying tensile force directly to the rebar by gripping the rebar from one side of the specimen.
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The unloaded end slip is measured with a linear variable differential transformer (LVDT). To
provide a relatively uniform distribution of bond stresses, the embedment length of the rebar
is 50 mm (five times the nominal diameter of rebar) in all specimens. This short embedded
length provides a better measurement of local bond strength by the average bond stress. Plastic
sleeves are used for unbonded length (Fig. 4.2(a)). An automatic data acquisition system is
used to record the data. A displacement-controlled pull-out force is applied at the rate of 0.5
mm/min. As the main focus of this paper is on the effect of pre-cracking on bond strength
including strength and failure modes, it is tried to impede splitting bond failure by providing
enough concrete cover around the rebar (c./d;, = 7.5). In all cases, the rebar is positioned at
the center of cylinders. The used steel rebars have a diameter of 10 mm with a specified yield
strength and ultimate tensile strength of 432 MPa and 620 MPa respectively. The surface
characteristics and rib pattern of the rebars used are shown in Figure 4.2(d). The average value
of rib—face angle for rebars used in the experimental program is about 55 degrees. The ratio of

rib spacing-to-rib height (S,./h,.) is about 7.0.

4.3 Experimental results

As mentioned widely in the literature (Guizani et al., 2017; Wu & Zhao, 2012), for the short
bond region (generally five times the rebar diameter), bond stress is close to uniform
distribution and can be used to get a better measure of local bond strength by averaging the
bond stress along the anchored length. Hence, in the pull-out test, average bond stress, T
(N/mm?), can be calculated by Eq. (4.1), where F is the tensile load, d,, is the rebar diameter,
and [, is the embedded length. Also, the average bond stress can be plotted as a function of

slip (mm), measured by LVDTs.

F
T= 4.1)
T[dble

As recommended by RILEM TC (1994), arithmetic mean of bond stresses (denoted as
“average bond stress”) is calculated by Eq. (4.2), in which variables 741, T 10, and 74 o

corresponding to bond stresses at slips of 0.01 mm, 0.10 mm, 1.0 mm respectively.
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Based on the literature (Mousavi et al., 2019; Trezos et al., 2014), maximum (or ultimate) bond
stress, T,,, average bond stress, 7,,, residual bond stress corresponding to a slip of 10.0 mm, 7,.,
and area under the bond-slip curve (denoted as bond energy, E;) are considered as
representative variables for the comparison of bond responses of different mixtures. All

representative bond stresses are normalized to the square root of the concrete strength of each

mixture, T/ \/E, to eliminate the effect of concrete compressive strength for.

Overall, results of uncracked and pre-cracked concrete, as well as the failure modes, are
summarized in Table 4.2 including bond strength, average bond stress, and residual bond
stress. Crack widths ranging from 0.0 (uncracked) to 0.5 mm are obtained following the pre-
cracking tests. Specimens are designated by the type of concrete (NC1, NC2, and SCC)
followed by the letter “C” and crack width in mm for pre-cracked concrete, or only “U” for
uncracked concrete. Although three specimens are considered for every crack width, only two
repetitions are obtained in some cases due to the brittle nature of the pre-cracking test and to
the difficulty of controlling the target crack width. The pull-out failure mode is observed for
uncracked specimens (Figure 4.3(a)). Similarly, pre-cracked specimens with crack widths
smaller than 0.15 mm (w < 0.15 mm) failed by pulling out the rebar without splitting the
surrounding concrete coverage. Similar results for NC have been reported by Mousavi et al.
(2019), in which small crack width has no impact on bond failure mechanisms. However, large
crack widths significantly affect the bond strength and also failure modes i.e., splitting failure

mode is obtained for pre-cracked specimens with w > 0.15 mm (Figure 4.3(b)).
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Figure 4.2 Test set-up: (a) specimen dimensions and pull-out test setup;
(b) pre-cracking test; (c) pre-cracked specimens; (d) rebar geometry
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Table 4.2 Bond characteristics of mixture

*®
) T T, T, ?5’
Specimens w Tm \/E Ty / m T, / \/E E, E‘

NCI1-U 0 19.48 | 2.54 25.19 | 3.28 5.77 0.75 1460 | P
0 15.35 | 2.00 25.07 | 3.27 5.55 0.72 1479 | P
0 17.36 | 2.26 27.12 | 3.54 8.18 1.07 163.6 | P
average 17.40 | 2.27 25.79 | 3.36 6.50 0.85 1525 | -

(2.07) | (0.27) (1.15) | (0.15) (1.46) | (0.19) )

NC1-C0.2 0.20 7.32 0.95 18.05 | 2.35 0.00 0.00 12.6 S

NC1-C0.3 0.30 3.59 0.47 12.87 | 1.68 0.66 0.09 9.1 S
0.30 3.85 0.50 1041 | 1.36 0.01 0.00 8.8 S
average 3.72 0.49 11.64 | 1.52 0.34 0.05 89 )

(0.18) | (0.02) (1.74) | (0.23) (0.46) | (0.06) :

NC1-C0.4 0.40 1.46 0.19 4.71 0.61 0.17 0.02 4.0 S
0.40 1.92 0.25 4.51 0.59 0.00 0.00 1.1 S
average 1.69 0.22 4.61 0.60 0.09 0.01 26 )

(0.33) | (0.04) 0.14) | (0.01) 0.12) | (0.01)

NC2-U 0 1437 | 2.31 24.74 | 3.97 14.60 | 2.15 180.1 | P
0 14.75 | 2.37 26.68 | 4.28 14.25 | 2.29 2033 | P
0 18.18 | 2.92 2747 | 441 17.75 | 2.85 221 P
average 15.77 | 2.53 26.30 | 4.22 1553 | 243 2015 | -

(2.10) | (0.34) (1.40) | (0.23) (1.93) | (0.37) )

NC2-C0.1 0.10 13.30 | 2.13 21.85 | 3.51 0.0 0.0 117.0 | S-P

NC2-C0.15 0.15 9.89 1.59 18.48 | 2.97 0.0 0.0 82.5 S

NC2-CO0.5 0.50 2.75 0.44 5.51 0.88 0.56 0.09 8.11 S
0.50 2.33 0.37 4.09 0.66 0.09 0.01 347 S
average 2.54 0.41 4.80 0.77 0.33 0.05 579 |-

(0.30) | (0.05) (1.00) | (0.16) (0.33) | (0.06) :

SCC-U 0 14.61 | 2.30 23.95 | 3.77 12.95 | 2.04 180.6 | P
0 1581 | 249 24.71 | 3.89 12.17 |1 1.92 176.7 | P
0 15.53 | 2.45 25.16 | 3.96 11.52 | 1.81 1713 | P
average 15.32 | 2.41 24.61 | 3.87 12.21 | 1.92 1762 | -

(0.63) | (0.10) 0.61) | (0.10) 0.72) | (0.12) )

SCC-CO0.1 0.10 16.38 | 2.58 23.20 | 3.65 4.97 0.78 108.0 | P

SCC-C0.2 0.20 7.19 1.13 18.43 | 2.90 0.41 0.06 16.7 S
0.20 4.98 0.78 16.83 | 2.65 0.0 0.0 9.8 S
0.20 8.15 1.28 19.68 | 3.10 1.66 0.26 49.3 S
average 8.77 1.06 18.31 | 2.88 0.69 0.11 253 )

(1.63) | (0.26) (1.43) | (0.23) (0.86) | (0.14)

SCC-C0.3 0.30 2.84 0.45 15.11 | 2.38 0.08 0.013 5.9 S
0.30 7.89 1.24 14.33 | 2.26 0.35 0.06 17.4 S
average 5.37 0.85 14.72 | 2.32 0.22 0.04 17 |-

(3.57) | 1(0.56) (0.55) | (0.08) (0.19) | (0.03) )

SCC-C0.4 0.40 4.74 0.75 1031 | 1.62 0.23 0.04 11.8 S
0.40 5.29 0.83 9.90 1.56 0.10 0.02 7.7 S
average 5.02 0.79 10.11 | 1.59 0.17 0.03 98 )

(0.39) | (0.06) (0.29) | (0.04) (0.09) | (0.01) :

* Modes of failure:

P=pull-out; S=splitting.
Note: data inside the parentheses denote the standard deviation.
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Figure 4.3 Failure modes: (a) pull-out; (b) splitting; (c) crack opening during pull-out tests

4.3.1 Uncracked concrete

Bond-slip curves of uncracked concrete for different mixtures along with the normalized bond
properties are illustrated in Figure 4.4(a). Although comparable results are obtained for the
normalized average bond stress, general results indicate that NC2 mixture has the highest
interfacial maximum bond strength and NC1 has the lowest values (Fig. 4.4(b)). Although SCC
and NC2 mixtures have an approximately similar compressive strength of 38.80 MPa and
40.34 MPa respectively (Table 4.1), SCC has lower bond properties as compared to NC2.
However, bond strength and residual bond stress of SCC are higher than NC1 with the same
water-to-powder ratio of 0.41. Although many studies have reported the higher amount of bond
strength of steel rebar in SCC than NC (de Almeida Filho et al., 2008; Desnerck et al., 2010;
Mousavi et al., 2017; Sabau et al., 2016; Valcuende & Parra, 2009; Zhu et al., 2004), some

studies have shown SCC to have either lower or the same bond strength compared to NC
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(Castel et al., 2006; Esfahani et al., 2008; Gibbs & Zhu, 1999; Konig et al., 2001; Lorrain &
Daoud, 2002; Pandurangan et al., 2010; Schiessl & Zilch, 2001). Different reasons have been
listed for these inconsistent results including concrete mixtures and the experimental
conditions (Sfikas & Trezos, 2013). Comparing mixtures with the same average bond stress
(Tm), as recommended by RILEM, is appropriate in the section of pre-cracked concrete as this

parameter is meaningful notably about on both bond strength and the initial stiffness.
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Figure 4.4 Uncracked concrete results: (a) bond-slip curves; (b) normalized bond properties
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4.3.2 Pre-cracked concrete

Bond-slip curves of pre-cracked concrete for the studied concrete mixtures are shown in Figure
4.5. General results show that the pre-cracking phenomenon has a significant impact on bond-
slip curves so that a high reduction is observed for bond energy in pre-cracked concrete. In the
case of uncracked concrete, there is a plateau after the bond strength, while a sudden drop is
observed for pre-cracked concrete in all mixtures. As crack width increases, the slope of the
descending branch of the bond-slip curve increases, which shows a more rapid drop in bond
stress with increasing slip (Figure 4.5). Although specimens with small initial crack widths
(w<0.15 mm) have similar plateau at the peak, the pre-cracking phenomenon affects the
residual bond strength so that the slope of the descending branch of the bond-slip curve is
higher compared to uncracked concrete (Fig. 4.5(a, ¢)). This leads to around 39.0% and 42.0%
reductions in the area under the bond-slip curves (characteristic bond energy, E;) (Table 2). A
low characteristic energy value corresponds to the brittle bond behaviour, while a high energy
value results from a ductile bond response (Mousavi et al., 2019). To determine the bond

strength reduction due to the pre-cracking phenomenon, a reduction factor is defined as below:

_ Tuncracked — TPre-cracked

RF = x 100 (4.3)
Tuncracked

where Tyncracked A4 Tpre—crackea are bond strengths of uncracked and pre-cracked concrete
respectively, which are listed in Table 4.2. Reduction factor corresponds to the bond strength
of mixtures is illustrated in Figure 4.6(a). Results indicate that SCC has the lowest reduction
factor, corresponding to the maximum bond strength, among the other mixtures. On the other
hand, results of the maximum bond strength indicate that SCC mixture is less sensitive to the
pre-cracking phenomenon among the concrete mixtures. This can be attributed to the high
paste content in SCC mixture compared to NC mixtures. Regarding NC, a higher value of
slump has a positive impact on the sensitivity of concrete to the pre-cracking phenomenon, so
that NC2 has a lower reduction factor compared to NC1 for the bond strength. Regarding
uncracked concrete, Fu & Chung (1998) and Pop et al. (2015) reported that with increase in
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the slump (fluidity) of concrete mixture, the interfacial micro voids around the rebar decreases
causing a higher bond strength. Uniform distribution of matrix and aggregate surrounding the
rebar, due to the higher slump of concrete, may increase the probability of the aggregate
interlocking phenomenon across the initial cracks. This phenomenon causes an increase in the
maximum and average bond strength of concrete mixtures with a high slump. As shown in
Figure 4.6(a), the reduction factor of the bond strength has a good empirical correlation with

crack width (w) for all mixtures as follows:

RFy¢, = 163.36w R? = 0.99 (4.4)
RFy¢, = 193.68w R? = 0.96 (4.5)
RFgcc = 138.30w R? = 0.95 (4.6)

Similarly, in the case of average bond stress, NC1 has the highest reduction factor (Figure
4.6(b)), while SCC and NC2 mixtures have approximately similar reduction factor. Although
there is no precise trend for the reduction factor of the residual bond stress (Figure 4.6(c)), the

general tendency indicates that SCC mixture has the lowest reduction factor.
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4.4 Discussion

As reported by Mousavi et al. (2019), rebar diameter has a considerable impact on the influence
of the pre-cracking phenomenon, so that normalized bond stress is related to crack width-to-
rebar diameter ratio (w/d},). Similar trend is illustrated in Figure 4.7. Mixtures of NC2 and

SCC approximately have same trend, while NC1 mixture follows different trends. Good
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correlations exist between the experimental results and the w/d,, ratio for all mixtures, as
expressed by Eqgs. (4.7)-(4.9). Values of 3.41, 4.18 and 3.97 are obtained for normalized bond
strengths of uncracked concrete mixtures of NC1, NC2, and SCC respectively, which reduce

linearly with initial crack width as shown by these equations:

Ty w
l l =-7341—+ 341 R?% = 0.97 4.7)

m NC1 db

Ty w
[ l =-77.69—+4.18 R2 = 0.99 (4.8)

VFehe, @

Ty w
l = —64.15—+ 3.97 R? = 0.97 (4.9)

m Scc db

Based on the proposed equations for normalized bond strength of rebar in pre-cracked

concrete, cracks larger than values of 0.52 mm, 0.61 mm, and 0.70 mm results in zero bond

strength (Tp,q./ \/ﬁ ~ 0) for mixtures of NC1, NC2, and SCC respectively. This higher value
of crack width corresponding to SCC mixture shows considerable resistance to the pre-
cracking phenomenon. General observations show that crack width significantly changes the
interfacial bond behaviour so that bond failure mode is changed for crack widths larger than
0.15 mm. The results summarized in Table 2 and Fig. 10 demonstrate that bond behaviour of
pre-cracked concrete for w > 0.15 mm is governed by splitting failure modes, where a post-
peak sudden drop in bond stress can be observed until reaching an equilibrium between the
radial component of the post-splitting bond stresses and the post-splitting confining action
(tensile resistance of the concrete) (Harajli, 2009; Mousavi et al., 2019). This can be attributed
to the change in failure mode, which is the main objective of the following sections related to

the theoretical analysis.
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Figure 4.7 Correlation of normalized bond strength to w/d), ratio

As reported by Murcia-Delso & Benson Shing (2014), surface separations (in both directions
of parallel and normal) between rebar and surrounding concrete plays a significant role in the
bond-slip phenomenon, which can significantly affect the interface strength. Initial cracks
generated by the pre-cracking phenomenon causing similar surface separation with more
significant impacts (Mousavi et al., 2020, Mousavi et al., 2019). As comprehensively described
by Mousavi et al. (2020), the height of the rib above the surface of the rebar plays a major role
in rebar-concrete interface separation due to the pre-cracking phenomenon. Thus, the ratio of
crack width-to-rib height can be used to present the bond reduction factor. Murcia-Delso &
Benson Shing (2014) have presented the only bond-slip model considering surface separation.
They have related bond reduction to rib height without concentrating on the pre-cracking
phenomenon. Accordingly, a reduction factor (p,,,) can be achieved based on the obtained

experimental results, as a function of surface separation, as follows:
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_ (Tu)pre—cracked

— (4.10)
“ (Tu)uncracked
1 w/2 < M;h,
pu=1 f(W/h;) Mih, <w/2 < M3h, (4.11)
0 w/2 = M,h,

where p,, is a reduction ratio of bond strength that considers the opening of cracks due to the
pre-cracking phenomenon in concrete. M; and M, are empirical coefficients for different
concrete compositions, which are summarized in Table 4.3. Value of rib height used in Eq.

(4.11) is presented in Figure 4.2(d).

Table 4.3 Empirical coefficients used in Eq. (4.11) for different concrete compositions

Mix f(w/h,) in Eq. (4.11) M, M,
w
NC1 f(W/hr) = —5.11h— + 1.26 0.026 0.14
T
NE2 fw/h,) = 141777 0.026 016
SCC Fw/h,) = 1.34e59) 0.026 0.1

The performance of the proposed model is shown in Figure 4.8. The dependence of the
reduction ratio (p,) on the ratio of crack width-to-rib height (Eq. (4.11)) can be attributed to
the fact that the loss of bond strength is related to a reduction in the contact surface between
the steel ribs and the concrete. For a well-confined situation (uncracked concrete and w <
0.10), the interface separation is very small; consequently, the reduction factor will be equal
or very close to one (p, = 1). Different separation mechanisms can be occurred for pre-

cracked concrete, including one-side and both-side separations. The value of 0.50 corresponds
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to the crack width of w/2 at every side is considered in this section, which is suggested by
Brantschen et al. (2016) as an idealized pre-cracking phenomenon. Based on the experimental
results (Table 4.3), the domain of w/2 < 0.026h,. is obtained (for all mixtures) in the Eq.
(4.11) for the reduction factor equal to 1.0. Based on the model presented by Murcia-Delso &
Benson Shing (2014), if the interface separation is larger than the rib height, the contact
between ribs and the concrete is lost, and the bond resistance disappears (p,, = 0). However,
the values of 0.14h,. , 0.16h,, and 0.19h,. are obtained for NC1, NC2, and SCC respectively,
as the critical separation values for complete loss in bond strength. These values are based on
Figures 4.6 and 4.7 correspondings to crack widths of w = 0.61, 0.52, and 0.70 mm for NCl,
NC2, and SCC respectively. This can be attributed to the significant reduction in compressive
strength of surrounding concrete due to the pre-cracking phenomenon, which has been reported
by several works (Belarbi & Hsu, 1991; Kollegger & Mehlhorn, 1990; Mikame et al., 1991;
Shirai & Noguchi, 1989; Vecchio & Collins, 1993). Considerable effect of compressive
strength on the rebar-concrete interfacial strength has been frequently confirmed by the

literature (Guizani et al., 2017; Mousavi et al., 2017).
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Figure 4.8 Reduction ratio of bond strength versus w/h,. ratio for concrete mixtures
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Regarding small initial crack widths (w < 0.10 mm), as mentioned in Table 4.2, pull-out
failure mode was observed for SCC specimen, while the failure was sudden for NC2 specimen
causing concrete splitting along with pulling-out the rebar. As shown in Figure 4.9(a), initial
crack widths cause 16.92% and 5.73% maximum bond stress reduction in NC2 and SCC
mixtures respectively. Similar observations are obtained for average bond stress (t,,) and
residual bond stress (7,-). However, comparable bond energy (E},) is obtained for both mixtures.
Regarding average bond stress, even improvement bond strength is observed for cracked SCC
specimen as compared to the uncracked ones (Figure 4.9(a)), which can be due to the aggregate
interlock at the crack surfaces. Crack opening of specimens was also recorded for NC2 and
SCC mixtures. Two crack gauges were installed at both sides of rebar during the pull-out tests.
As illustrated in Figure 4.9(b), for cracked SCC specimen, similar crack width opening is
happened during the tests for two gauges, while different values of crack width opening are
observed for NC2 mixture. Moreover, results show that an approximate linear ascending
branch is observed for both mixtures prior to a plateau, before reaching to the maximum bond
stress. The initial stiffness of this branch of curve is higher for NC2 specimen as compared to
SCC specimen. The length of this plateau is longer for SCC specimens as compared to NC2,
which means that higher sustained bond strength is obtained. The area under the bond-crack
opening curve demonstrates the fracture energy. Similar to the bond energy shown in Figure
4.9(a), cracked SCC specimen has slightly higher/comparable fracture energy until the bond
strength (Figure 4.9(b)), as compared to NC2 specimen, for small initial crack width.
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Bond stress-crack opening curves of the pre-cracked specimens with large initial crack widths
are illustrated in Figure 4.10. Results show that the unsymmetrical crack opening phenomenon
happened during pull-out tests, which is also illustrated in Figure 4.3(c). Results presented in
Figure 4.10 show that this phenomenon is more crucial for NC2 specimens as compared to
SCC ones, causing different bond stress-crack opening curves for two crack gauges installed
at both sides of the steel rebar. Comparing the results shown in Figures 4.9 and 4.10 indicates
that the crack opening growth of large initial cracks is different from the small ones. Crack
opening more than 6.0 mm is observed for large crack widths. Crack opening is very low for
the initial bond stress (bond strength, 7,,), while considerable crack opening values and also

sudden drops in curves are observed after the maximum bond stress (bond strength, 7,).

Area under the bond stress-crack opening curve can be used as the “fracture energy, Fonergy”
of the bond mechanism in cracked concrete. The maximum, minimum, and average values of
fracture energy of NC2 and SCC mixtures are shown in Figure 4.11, with respect to the initial

crack widths. Results show that as the initial crack width increases, the average fracture energy
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decreases so that 40.7%, 13.9%, 7.9%, and 2.8% values are obtained for fracture energies of
specimens exposed to 0.15, 0.2, 0.3, 0.4, and 0.5 mm initial crack widths. Similar results are
observed for the minimum and maximum values of the fracture energy. Finally, Eq. (4.12) is
achieved for predicting fracture bond energy of cracked specimens as a function of crack

opening (W) with a good correlation of R? = 0.99, as follows:

Fonergy = 42.45w 162 (4.12)

It is worth mentioning that the proposed equations are validated for the current experimental
database. More experimental investigations are necessary to determine the efficiency of the

proposed equations and to generalize them for different concrete mixtures.
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Figure 4.10 Effect of large initial crack widths on bond stress-crack opening curve:
(a) NC2 with w = 0.15 mm; (b) NC2 with w = 0.50 mm; (¢) SCC with w = 0.20 mm;
(d) SCC with w = 0.30 mm; (e¢) SCC with w = 0.40 mm (Note: continuous and dashed lines
denote results of crack gauges installed at both sides of rebar during pull-out test)
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4.5 Conclusions

An experimental program is conducted in this study to determine the effect of concrete
workability (or flowability) on the pre-cracking phenomenon. Three concrete mixes with
normal, moderate, and high flowability are considered. Specimens with different initial crack
widths are obtained through the Brazilian test (splitting) on reinforced cylindrical concrete
block. Pull-out results of pre-cracked specimens are compared with uncracked ones. According
to the experimental results obtained in the present study, the following conclusions can be
drawn:
In the case of uncracked specimens, general results show that SCC has 13.2% higher
normalized maximum bond strength as compared to NC1 mixture (normal concrete with a
high slump flow of 97 mm) with the same water-to-powder ratio (0.41). However, SCC has
20.4% lower normalized maximum bond strength than NC2 (normal concrete with slump
flow of 200 mm) with approximately the same compressive strength. This trend is more
significant in normalized residual bond strength among the other interfacial bond
parameters.
Overall, results corresponding to the pre-cracked specimens show that SCC is less sensitive
to the pre-cracking phenomenon as compared to the other NC mixes so that the slope of the
maximum bond strength-crack width curves are 163.36, 193.68, and 138.30 for NC1, NC2,
and SCC mixtures respectively. Moreover, NC2 mixture shows better performance (lower
reduction factor) for all initial crack widths than NC1 mixture. A higher value of slump flow
can be the main reason for this observation.
Empirical equations are presented for all pre-cracked specimens (Eq. (12)). They show that
despite the existing scenario of the total bond reduction till surface clearance of w = h,.,
values of 0.14h,., 0.16h,., and 0.19h,. are obtained for NC1, NC2, and SCC respectively as
the critical separation values for complete loss in bond strength.
Results of the present study indicate that more specifications should be considered in the
current concrete design codes for considering the effect of the pre-existing cracks on bond

strength, especially in steel-congested concrete members such as interior and exterior joints,
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slabs, and shear walls. Generally, the critical value of the initial crack width of 0.15 mm

should be specified in codes for preserving the bond properties.

Due to the variety of mixtures in producing SCC, more experimental studies are necessary to
determine the effect of the pre-cracking phenomenon on the bond of cracked concrete,
especially for cement replacement dosage and types of fillers. Also, regarding Eq. (12), relating
the reduction factor to crack width, more experimental studies with different geometries of
rebar are suggested for future works to accurately determine the performance of the proposed
model for different types of concrete mixtures and confining conditions, such as the presence

of transverse confining reinforcement.
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Abstract

This study intends to determine the effect of superabsorbent polymer (SAP) on bond properties
of steel rebar in un-cracked, pre-cracked, and healed concrete as a smart generation of concrete
for autogenous healing its cracks. An experimental program is conducted to check the
performance of SAP as a healing agent inside concrete to mitigate internal damages at rebar-
concrete interfacial surfaces. Two types of SAP with different particle sizes (0.15 mm and 0.5
mm) and chemistries are considered in the experimental program. Results show that
comparable and also better results are obtained for bond properties of steel rebar embedded in
un-cracked and healed concrete containing a lower dosage of SAP. However, bond strength is
lower in concrete containing a high dosage of SAP compared to normal concrete (NC) thanks
to the presence of macro voids. A considerable healing effect is observed for initial bond stress,
bond strength, and energy absorbed by bond mechanism, within the cracks of pre-cracked SAP

concrete subjected to wet-dry cycles. SAP can significantly increase the autogenous healing
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capacity of concrete at rebar-concrete interfacial damages. Results also indicate that 24 days

healing period is more efficient as compared to 14 days.

Keywords: bond strength; superabsorbent polymer (SAP); self-healing; pre-cracked concrete

5.1 Introduction

Pre-cracking phenomenon, the appearance of cracks along the axis of the steel rebar in the
surrounding concrete, is a common issue in reinforced concrete structures, especially in steel-
congested regions such as beam-column joints and shear walls (Matsumoto et al., 2016).
Various situations can lead to the pre-cracking phenomenon, which include corrosion-caused
pre-cracking (Desnerck et al., 2015; Jiang et al., 2018), mechanical pre-loading (Brantschen et
al., 2016; Mousavi et al., 2019), biaxial load transfer (Hadidi & Saadeghvaziri, 2005; Lindorf,
et al. 2009; Saadeghvaziri & Hadidi, 2005), multiaxial stress states (Cervenka, 1985; Purainer,
2005), and transverse tension (Lindorf, 2011). The pre-cracking mechanism is similar to bond-
splitting cracking and mainly affects the bond-slip behaviour of the rebar. However, no fully
efficient solution is available to tackle this inherent problem in reinforced concrete members
(anchorage problems of flexural reinforcement in slabs (Dawood & Marzouk, 2012), loop
connections subjected to combined tension and bending (Joergensen & Hoang, 2015), arch-
shaped members without transverse reinforcement (Ruiz et al., 2010), and reinforced concrete
members without transverse reinforcement (Ruiz et al., 2015)), which leads to a significant
reduction in bond strength and residual bond stress (Brantschen et al., 2016; Mousavi et al.,
2019). Hence, one of the main objectives of this study is to consider an accelerated self-healing
method to mitigate damages due to the pre-cracking phenomenon. This proposal could provide
new insight into a strategy of healing damages due to the pre-cracking phenomenon at critical

interlayer sections of reinforced concrete members.

There is a developing propensity for the use of self-healing or autogenous healing methods in
concrete structures, as an internal and active mitigation treatment, to entirely or partially

alleviate damage (Mignon et al., 2017). Self-healing in concrete can be mainly attributed to
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two mechanisms: hydration of unhydrated cement particles (Pérez et al., 2015) and the
dissolution and subsequent carbonation of Ca(OH)2 (Van Tittelboom et al., 2012). However,
only a limited range of crack widths can be cured by the autogenous healing method (Lee et
al., 2010). To accelerate autogenous healing and enhance the ability to heal large crack widths,
different mechanisms have been used, including healing agents and water resources (Mihashi
& Nishiwaki, 2012). As the water is a fundamental requirement for autogenous healing, it can
be provided by different techniques, such as the cross-linked hydrogel network method, to
accelerate the healing process. Superabsorbent polymer (SAP), as a hydrogel-forming
polymer, can absorb a significant amount of water from the surrounding environment, which
they retain within their structure (Figure 5.1). SAP is already used in high-performance
concrete to mitigate self-desiccation and autogenous shrinkage (Beushausen & Gillmer, 2014;
Mechtcherine et al., 2009; Shen et al., 2016; Snoeck et al., 2018; Song et al., 2016; Tu et al.,
2019). Additionally, SAP promotes self-healing by enabling a crack closure mechanism that

restores the mechanical properties of the material (Snoeck, 2018; Snoeck et al., 2014).

Figure 5.1 Swollen SAP particles (with a diameter of 0.5 mm) due to water absorption
(the same weight is used for both dry and swollen SAP, 5 gr)

SAP-modified concrete research can be divided based on the targeted healing mechanism into

two main groups: crack-sealing and crack-healing. Crack-sealing mainly focuses on closing
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cracks to prevent water penetration, which increases the durability of the concrete (Al-Nasra,
2013; Hong & Choi, 2017; Lee et al., 2010; Lee et al., 2010; Snoeck & De Belie, 2013; Snoeck
et al., 2012). Cracks up to 30 um could heal entirely by SAP at the crack lip, and those up to
150 um heal partially when specimens are subjected to wet-dry cycles (Snoeck & De Belie,
2015). It has also been reported that cracks up to 130 um could be closed entirely in wet-dry
cycles due to the precipitation of calcium carbonate in SAP-based concrete (Lee et al., 2016).
Apart from these studies, another investigation clearly shows that with a 300 um crack width,
SAP particles can reduce the peak flow rate and total flow of penetrating water by up to 85%
and 98%, respectively (Snoeck et al., 2012). However, there is little consistency in these
results, a fact that can be attributed to the varying SAP particle size, w/c ratio, and healing
period (time and procedure) between studies. Many research studies have also been carried out
to examine the restoration of the mechanical characteristics of a damaged structure (Abdel-
Jawad & Haddad, 1992; Dhir et al., 1973; Granger et al., 2007; Jacobsen & Sellevold, 1996;
Jensen, 2013; Lauer & Slate, 1956; Van Tittelboom et al., 2016). However, there has not been
an investigation to determine the effect of SAP on steel rebar-concrete bond behaviour and
healing cracks at interfacial surfaces. Research conducted by Kim & Wang (2016) is the only
reference that discussed the interfacial behaviour of glass fiber-reinforced polymer (GFRP)
rebar embedded in concrete mixed with three types of internal curing agents using two mineral-
based agents and a superabsorbent polymer. However, the authors only considered the effect
of internal curing on GFRP rebar-concrete bond strength. There is no discussion on the healing

of damages related to locally-induced cracks.

Most previous research on the effect of SAP on mechanical properties of concrete has been
concentrated on compressive strength (Beushausen et al., 2014; Dudziak & Mechtcherine,
2009; Justs et al., 2015; Laustsen et al., 2015; Mechtcherine et al., 2014; Shen et al., 2016;
Snoeck et al., 2014), which is traditionally considered to be one of the most important
parameters for predicting steel rebar-concrete bond strength (fib Model Code 2010; Guizani et
al., 2017; Harajli et al., 1995; Mousavi et al., 2017; Wu & Zhao, 2012). A reduction in
compressive strength of SAP-modified concrete is severally reported by previous studies,

which is attributed to the larger pores of SAP particles after hardening (Als & Beton, 2005;
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Craeye, 2006; Justs et al., 2015; Piérard et al., 2006; Wyrzykowski et al., 2012). Quantifying
the strength reduction as a function of SAP types is still challenging for researchers as different
types of SAP have been used in the literature. Some studies have also shown the strength of
SAP mixture to be generally equal to or only slightly lower than in the reference mixtures
(Bentz et al., 2002; Geiker et al., 2004; Lura et al., 2006; Schrofl et al., 2012; Wang et al.,
2013), which can be attributed to the choice of SAP dosage, size, and other concrete mix
parameters. Despite these extensive efforts on the compressive strength of SAP-modified
concrete, there is no specific investigation for bond strength of steel rebar embedded in
uncracked, pre-cracked, and healed concrete. Hence, the present investigation begins by
tackling the following general questions:

1. How does the bond behaviour between steel rebar and SAP concrete compare to that of NC

for uncracked and pre-cracked concrete?
2. How effective are SAP particles for healing cracks related to the pre-cracking phenomenon

at the steel rebar-concrete interface?

To answer these questions, this investigation presents an experimental program to determine
the bond behaviour of steel rebar in these three states of concrete (intact, pre-cracked, and
healed). The regular splitting test is considered to simulate pre-damage in the plane of the steel
rebar. Two series of healing periods, 14 and 28 days, under wet-dry cycles, are considered for
healing the cracks. Initial stiffness, maximum strength, and energy absorbed by the bond
mechanism are the main bond characteristics considered to assess the performance of SAP

concrete.

5.2 Experimental program

5.2.1 Materials

Five different concrete mixes are considered for this experimental program to compare results

objectively to the reference mix (R) made of general use cement with a density of 3.15 g/cm?,

a natural sand with a maximum grain size of 1.25 mm and a specific gravity of 2.68, and a
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gravel with a nominal maximum diameter of 14 mm and a particular gravity of 2.68. A water-
to-cement ratio of 0.42 is considered for the reference mix (R). Despite using lower w/c, which
is appropriate for healing cracks, the value of w/c=0.42 is selected to control cracks
mechanically in pre-cracking tests. The challenges to control crack width are also reported by
Desnerck et al. (2015) in simulating pre-cracking in cylindrical reinforced concrete specimens
and a w/c of 0.60 is selected for their experiments. The SAP is added at a range of 0-1.0 wt.%
of cement. To adjust the flowability of concrete, a polycarboxylate-based superplasticizer is
added, at different proportions as detailed in Table 5.1. General mix proportions of concrete
composites are given in Table 5.1. All specimens are initially cured 28 days in the moisture
room at 97.3% RH and 23 °C. Those specimens, which are subjected to wet-dry cycles,
remained in the curing tank for longer periods of 14 and 28 days (20 °C, 60% RH). One wet-
dry cycle represents 24 hours in water followed by 24 hours in dry condition. Consequently, 7

and 14 cycles took 14- and 28-day of wet-dry cycles respectively.

Table 5.1 Concrete composition of mixtures (SAP% = wt.% of cement)

Gravel | Gravel Add

Mix Cement | Sand 5/10 10/14 Water water SP | SAP | Slump | W;/C
(kg/m?3) % | mm | (-
R 395 788 | 822 258 165 |0 2510 97 0.41

25851 395 788 | 822 258 165 |24.8 |3.5 025 | 104 0.48
2582 395 788 | 822 258 165 |24.8 |33 |0.25 | 109 0.48
5081 395 788 | 822 258 165 1495 |3.8 10.50 |95 0.54
100S1 395 788 | 822 258 165 |98.8 |5.6 |1.00 |91 0.66

* Note: Add=additional water, SP=superplasticizer, Wy /C=total water to cement ratio, SAP= % wt. of
cement.

Two different approaches have been considered by the previous studies regarding using SAP
in concrete mixture (Snoeck & De Belie, 2013; Snoeck & De Belie, 2019) including (1) using
as an agent for internally curing into the mixtures together with the extra water; and (2) water
reducing application without extra water. The first approach is considered in the current study.
To determine the exact amount of water added to the mixture for SAP particles, three different

ratios can commonly be used, including initial water-to-cement ratio (W /C, without SAP, 0.41
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for this study), extra water ( W, /C, or entrained water-to-cement ratio (Hong & Choi, 2017,
Van Tittelboom et al., 2016), and total added water-to-cement ratio (Wr/C) as follows:

WT W

In the case of W,/C > 0, SAP is used as an agent for internally curing into the mixtures
together with the extra water, while the water reducing application is intended for W,/C =0
(without extra or entrained water). The latter is different from the common practice in which
the amount of extra water is directly proportioned to the SAP concentration (Mechtcherine &
Reinhardt, 2012). To use the first procedure for producing SAP concrete, it is essential to
accurately determine the water absorption of SAP. Overestimation of extra water required for
the first procedure of using SAP inevitably reduces the strength of SAP concrete (Mechtcherine
& Reinhardt, 2012).

Two different types of SAP are considered in this experimental study: SAP-1, a cross-linked
copolymer of acrylamide and potassium acrylate (obtained from SNF CANADA), and SAP-2,
a cross-linked anionic polyacrylamide (obtained from BASF company). A laser granulometry
instrument (Mastersizer/E Malvern) is used to measure the particle size distributions of SAP
samples along with cement in the dry state, which is illustrated in Figure 5.2. Table 5.2 gives
the corresponding d10, d50, and d90 values. The d50 value for SAP-1 is 260 pm, whereas
SAP-2 has a value of 47 um. The shape of the SAP particles is investigated using SEM (Figure
5.3). SAP was produced through bulk polymerization technique, in which blocks of polymers

were shredded into particles of irregular shapes.
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Figure 5.2 Particle size distributions of the SAP used along with cement in the dry state
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Figure 5.3 Scanning electron microscope (SEM) image of SAP particles:
(a) SAP-1; (b) SAP-2

Water absorption of SAP particles inside the concrete mixture is different from pure water due
to the pH of concrete. To determine the amount of additional water necessary for SAP concrete,

three separate methods are considered including the tea bag method, the concrete slump
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method, and the water desorption. In the tea bag method, as explained by the RILEM technical
committee (Mechtcherine et al., 2018; Snoeck et al., 2018), a tea bag is pre-wetted in the test
fluid (centrifuged cement pore solution or deionized water) and then a specific amount of SAP
is inserted to the tea bag. The ratio of the difference between the initial and final weight of
water absorption to the initial weight provides water absorption capacity. The results are
summarized in Table 5.2. For the higher dosage of SAP, to confirm the water absorption in
centrifuged cement pore solution which is a crucial parameter for concrete mixtures, slump
test is also performed, suggested by Schrofl et al., (2012) and RILEM (Mechtcherine et al.,
2018; Snoeck et al., 2018). Details of these methods are reported in the Supplementary file
(Figure-A 1I-1, Table-A II-1 and Table-A II-2). Regarding the desorption method, a specific
amount of water and cement are mixed. Then liquid-solid separation by centrifuge is used to
extract the water from pore solution (pH=12.8, measured). A specific amount of SAP is added
to this water for about one hour. After weighing, a mix of water and SAP is kept in the oven at
105°C. After 24 h, the difference between the initial and final weights of the mix is used to
determine the water absorption of the SAP particle. The tea bag and the water desorption
method provided similar results. Finally, as mentioned in Table 5.1, the value of 25 g water

per g of dry SAP is considered for water absorption of both SAP particles.

Table 5.2 Properties of superabsorbent polymers (SAP) used in tests

Items SAP-1 SAP-2
. Cross-linked copolymer | (' i1 e d anionic
Chemical name of  acrylamide and | lamid
potassium acrylate polyacrylamide
Company SNF BASF
Particle size (um) <500 <150
d10 92 13
ds0 260 47
doo 450 92
Specific gravity 1.51 1.49
Bulk density 0.82 0.84
Mean absorption and desorption of SAP (g water per g SAP)
deionized water, pH=6.5 (Tea bag method) | 249 170
pore solution, pH=12.8 (Tea bag method) 26.7 25.4
desorption, pH=12.8 (centrifuge method) 26.1 25.0
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5.2.2 Test set-ups

Three main states of the specimen are considered in the experimental program including un-
cracked, pre-cracked and healed samples (Figure 5.4). Controlled splitting test, also known as
the Brazilian test, is used to simulate pre-cracking. After pre-cracking, two sets of samples are
exposed to wetting and drying cycles for periods of 14 and 28 days to heal the cracks at the

interface of rebar-concrete.
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Figure 5.4 Types of specimens used in the experimental program

A total number of 68 specimens including 15 un-cracked and 53 pre-cracked with different
crack widths are tested. Embedded length of 5d,, is considered for concrete cylinders (Figure
5.5). Long embedment length increases the non-linearity along the bond region so that the
value of average bond stress cannot be an accurate measure of bond strength. However, as
mentioned widely in the literature (Dehestani & Mousavi, 2015; Guizani et al., 2017), for short
bond region (generally five times the rebar diameter, 5d},), average bond stress is close to
uniform distribution and can be used to get a better measure of bond strength. The used steel
rebars have a nominal diameter of 10 mm in conformity with the CSA-G30.18-400W
(CAN/CSA-G30.18-09 2009). A ratio of concrete cover to rebar diameter equal to 7.5 is

selected, which results in confined concrete conditions, preventing splitting bond failure mode
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for intact concrete specimens. The yield stress f,, and ultimate tensile strength f,, of the steel

rebars are 432 MPa and 620 MPa respectively. Deformation rates of 0.5 and 0.15 mm/min are
considered for pull-out and splitting tests respectively (Figure 5.5).

bar diameter =10 mm
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Figure 5.5 Test set-up: (a) pull-out test; (b) splitting test for providing pre-cracking damage
(using crack gauges at both side of specimens)

In previous studies, different approaches have been implemented for simulating initial cracks
at the rebar-concrete interface (Brantschen et al., 2016; Desnerck et al., 2015; Gambarova et
al., 1989; Mahrenholtz, 2012). In this study, a controlled pre-loading approach introduced by
Desnerck et al. (2015) was used to induce initial crack before conducting the pull-out test
(Figure 5.5(b)). Two crack gauges are installed at both sides of concrete cylinders. At the
completion of a concrete cylinder splitting, the crack width is not instantaneously stabilized
and continues to reduce noticeably for a few minutes. So, for uniformity of results, manual
measurement of crack width is systematically made immediately after unloading (removal of

the load) (Figure 5.6).
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Figure 5.6 Induced cracks at rebar-concrete interface by controlled splitting test

53 Experimental results

5.3.1 Compressive strength

Figure 5.7 presents compressive strength of concrete mixtures with and without SAP. A lower
percentage of SAP with larger diameter (25S1) has a lower influence on compressive strength
(7.5% reduction) when compared with the smaller diameter SAP (25S2) (20.4% reduction).
Similar results corresponding to SAP particle size effect are reported by some previous studies
(Mechtcherine et al., 2017; Schrofl et al., 2012; Snoeck et al., 2014). Moreover, the chemistry
of the SAP used seems to play an important role, the SAP-1 made of cross-linked copolymer
of acrylamide and potassium acrylate and the SAP-2 made of cross-linked anionic
polyacrylamide. However, a higher dosage of polymers causes a considerable reduction in
concrete strength i.e, 23.8%, and 44.2% reduction are observed for 50S1 and 100S1 mixtures
respectively. Generally, the compressive strength of SAP concrete compared to NC depends
on curing conditions, age, and material composition (Mechtcherine & Reinhardt, 2012).
However, similar strength reductions have been reported in previous investigations for
different SAP dosages, which are attributed to the number of large pores (macro) of SAP
particles after hardening (Craeye, 2006; Justs et al., 2015; Piérard et al., 2006; Wyrzykowski
etal., 2012). Although the interpretation of the effect of SAP addition on compressive strength
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is not clear enough, capillary porosity and degree of hydration have been considered as the

main reasons for explaining this effect (Piérard et al., 2006).

Formation of macro voids, generated by initially filling of entraining pores with extra water
and then gradually drying out, significantly changes the equivalent porosity and
microstructure, which was strongly confirmed by a model presented by Powers & Brownyard
(1946). This impact of SAP on compressive strength is significantly dependent on the amount
of solid matrix of mixtures which results in different impacts on cement paste, mortar, and
concrete (Lura et al. 2006). However, the internal curing of concrete using SAP particles has
a positive impact on the hydration degree of cement grains which can affect the long-term
compressive strength of SAP concrete (Esteves et al., 2007). In the case of 0.25% SAP-1, the
negative effect of generated voids induced by the SAP particles is compensated by the
improved degree of hydration so that only 7.5% reduction is observed in compressive strength
(Figure 5.7(a)). However, higher bulk density of SAP-2 compared to SAP-1 increases the
number of SAP particles in the same volume, which results in a significant reduction in the
concrete compressive strength. Comparable results are observed by others (Schréfl et al., 2012;
Snoeck et al., 2014). Snoeck et al. (2014) have noticed considerable reductions of 4.4% and
15.7% in compressive strength of mortars for 0.48 mm and 0.10 mm size particles respectively
with 0.5% SAP (W/C=0.5, We/C=0). They have also reported a similar trend for 1.0% SAP so
that 5.5% and 30.2% strength reductions are obtained for particle sizes of 0.48 and 0.1 mm
respectively. Schrofl et al. (2012) have reported that concrete with 0.3% SAP (W/C=0.30,
We/C=0.06) of 0.63 mm and 0.90 mm particle sizes have 23.7% and 21.3% strength reductions
respectively. However, conflicting results have been reported by other studies (Mechtcherine
et al., 2014; Olawuyi & Boshoff, 2013; Wang et al., 2009), in which larger SAP particle size
leads to higher strength reduction. Hence, more experimental investigations are necessary to
clarify these inconsistent results, which could be attributed to the chemistry of the SAP. Results
of the splitting tensile strength (indirect test) are illustrated in Figure 5.7(b). Similar to the
compressive strength, a lower dosage of SAP has a limited effect on tensile strength so that the
addition of 0.25% SAP leads to only 5.0% reduction in tensile strength. However, 32.5% and
47.5% reductions are observed for 0.5 and 1.0% SAP, respectively (Figure 5.7(b)). General
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results of Figure 6.7 shows that tensile strength is more sensitive to the SAP particle as
compared to compressive strength so that, for instance, 23.8% reduction is observed for
compressive strength of 0.5% SAP-contained concrete, while 32.5% reduction is obtained for
tensile strength. This may attributed to the existence SAP macro voids inside the matrix bulk
which can affect the pore network, causing changes in crack path and propagation. Crack width
opening is also measured by the splitting tensile test, which is shown in Figure 5.7(c). Results
show that crack width corresponding to the maximum tensile force is higher for SAP mixtures
as compared to the reference mixture. This can shows that concrete specimens containing SAP
have a more ductile behaviour under splitting tensile test, as compared to reference mixture.
This is confirmed in the experimental results reported by Snoeck et al. (2018) under impact
loads using a drop-weight machine. The relationship between splitting tensile strength and
compressive strength of SAP concrete is shown in Figure 5.7(d). Eq. (5.2) is found as the best-

fit correlation function for this relationship as follows:

fer = 0.90e%03 ¢ (5.2)

where f,; is splitting tensile strength and f, is the compressive strength of SAP concrete. As

shown in Figure 5.7(d) correlation of R? = 0.94 shows the performance of this equation.
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Figure 5.7 Mechanical properties of SAP concrete for different mixes:
(a) compressive strength; (b) splitting tensile strength; (c) tensile force-crack width curve;
(d) relationship between splitting tensile strength and compressive strength

5.3.2 Interfacial transition zone (ITZ)

To investigate the effect of SAP particle size on hardened properties of concrete, the results of
a study conducted on the interfacial transition zone (ITZ) are summarized in Figure 5.8.
Although the size of macro voids generated by SAP-2 is smaller compared to SAP-1, the results

of image analysis show that the use of a small SAP particle size leads to a high number of
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voids around the aggregate (in the matrix). As illustrated in Figure 5.7, this high number of
voids leads to a high reduction in compressive strength. Results presented in Figure 5.8(b)
show that the shape of macro voids in SAP-2 modified concrete is very close to the air void
shape of NC, which is very different from the irregular shape of macro voids generated in SAP-

1 modified concrete.

Figure 5.8 Image analysis of SAP particles around aggregate (ITZ): (a) SAP-1; (b) SAP-2

5.3.3 Pull-out tests

Results of pull-out tests are presented by the following subsections. Detailed results of pull-
out tests for un-cracked, pre-cracked, and healed concrete are summarized in Table 5.3. The
specimen identification is defined in Figure 5.9. Three nominally identical samples for un-
cracked concrete are tested. Although more repetition tests have been considered for pre-
cracked concrete, manual crack width measurement (immediately after unloading) provided

less identical specimens for some cases. The main parameters of experimental results
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summarized in Table 5.3 are crack width, w; compressive strength of concrete, f_; initial bond
stress of steel rebar-concrete interaction corresponding to a slip of 0.10 mm, 7,,; bond
strength, 7,,,4,; residual bond stress corresponding to a slip of 6.0 mm, 74 ¢; slip corresponding
to the bond strength, S,,,,,; and area under the bond-slip curve till a slip of 1.0 mm, E; ; (energy
absorbed by bond mechanism). Besides, number of the specimens considered for every

concrete mix and failure modes are mentioned in Table 5.3.

M /28H 0.00
|

I J | J
|_C  widih empty = un-cracked
RS TG —I: with value = cracked and healed specimens

U=un-cracked concrete
Status ~|: C=cracked concrete

/H=healed concrete

14H=14 days w-d re-curing
28H=28 days w-d re-curing

R= Reference concrete

25S1= concrete with 0.25% SAP-1
—Mixture type 2582= concrete with 0.25% SAP-2
50S1= concrete with 0.50% SAP-1
100S1= concrete with 1.00% SAP-1

Figure 5.9 Specimen identification description
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Table 5.3 Experimental results and failure modes

. 1 w f,c To.1 Tmax Te6.0 Smax E1.0 RF? IF? Failure
Specimen Mode®
(mm) (MPa) (mm) | W/mm)| % %
5882 | 19.67 | 25.79 | 13.83 | 0.64 | 23.98
RU 000 1 1309 | @75 | 1y | on | 009 | (20 |- - PO
RC0.2 020 | 58.82 | 13.96 | 18.05 |- 0.16 1157 | 69.99 | - S
598 | 11.64 022 | 866
RCO.3 030 | 5882 | 50 | (17 |- Gon | s | 4514 - S
237 | 461 0.48 1.79
RCO.4 040 | 5882 | 0 | (rg |- s | o | 1780 S
499 935 022 | 424
R/14H0.3 030 | 5882 | (oo | (o |- won | (tos | 3625|1618 |'s
11.30 | 11.84 012|723
RA28H0.3 030 | 5882 | oo | s |- Gon | (laoy | 4502|141 |
RI28H0.4 040 | 5882 | 433 |582 |- 022 | 345 | 2257 |51 |8
5436 | 11.98 | 2437 | 12.19 | 0.63 | 21.4
281U 000 1 120 | @230y | 03D | 163 | 008 | 045 |- - PO
662 | 9.8 024 | 535
2581C0.3 030 | 5436 | (00 | (oasy | - s | iian |04 |- S
3.09 | 5.56 0.67 | 4.68
25581004 040 | 5436 | o | oon | - s | oon | 281 - S
2551C0.5 050 | 5436 | 0.2 |258 |- 124 098 [1059 |- S
524 | 1044 024 | 542
st | 030 | 5436 | 05| 0| - ooy | irsn | 4284|103 |
349 | 426 0.11 239
pssiiamos | 040 | sase | b L] - 000 | oasy | 1748|694 |
713 | 12.20 035 | 787
2551/28H0.3 5436 | ion | sy |- 005 | (053 | 5006 | +162 |
258128004 | 0.40 | 5436 | 2.65 | 7.06 |- 059 | 479 | 2897 | +798 |s
4683 | 841 |25.02 | 1381 | 132 18.01
2552V 0.00 w37 | 36 | 015 | 315 | 015 | 032 |- - PO
510 | 13.97 0.51 10.49
sssacors |05 4683 | o | D |- o0 | o | 558 |- S
355 | 5.70 033 | 3.80
2582003 030 | 4683 | (200 | 5 |- s | ien | 278 |- S
534 | 7.99 023 | 417 :
pssutamo2 | 020 | 4683 | 4| |- s | (03e | 3193 | 280° |
414 | 7.03 024 | 341
25403 | 030 | 4683 | S| D0 | - G0 | lo1s) | 281 | 1688 |
265 | 7.89 038 | 453
2ssos0s | 030 | 4683 | G500 | oy |- Gosy | (oos | 3153|113 |
2552/28H035 | 035 | 46.83 | 1.58 | 6.58 |- 040 | 291 | 263 | 207 |s
4484 | 585 | 1530 |229 | 1.16 11.85
S0S1U 0.00 1 w77 | 139 | 070 | 360 | 018 | 022 |- - PO, S
50S1C0.1 0.10 | 4484 | 755 | 1441 |- 0.40 1124 | 94.18 | - S
269 | 416 0.22 1.96
508103 030 | 4484 | o | (oo | - won | sy | 2710 S
231 | 5.59 0.51 2.76
sostnanos | 030 | 4484 | 00| - 03 |ty | 3654|128 |
266 | 7.46 039 | 433
sostasHos | 030 | 4484 | o0 | R | - Gooy | (o1n | 4876 | +296 |'s
3283 232 | 1073 | 351 [139 | 675
10081V 000 1 027 | w4ny | (1D | 058 | 025 | 090 |- - PO
140 | 332 0.71 2.8
10081€03 1 0.30 | 3283 1 ;1 | ooy |- 039 | (1.50) | 3094 | S
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Table 5.3 Experimental results and failure modes (continued)

. 1 w f,c Toa Tmax T6.0 Smax Eqo RF? IF? Failure
Specimen ModeS
(mm) (MPa) (mm) | N/mm)| % %
1.34 4.76 0.53 2.88
100S1/14H0.3 | 0.30 32.83 035 | (en |- 0.24) | (1.30) 4436 | +19.42 | S
1.60 5.18 0.52 3.34
100S1/28H0.3 | 0.30 32.83 w03 | a0 |- 0.07) | (0.95) 48.28 | +25.13 | S
All specimens n =68

ecimen identification according to Figure 5.9; ? Reduction factor according to Eq. (5.5);

! Speci identificati ding to Figure 5.9; ? Reduction f ding to Eq. (5.5

3 Improvement factor according to Eq. (5.6); * number of specimens; ° obtained by regression analysis of
pre-cracked concrete; ¢ PO=pull-out; S=splitting. Note: Data inside the parentheses denotes the standard
deviation.

The final modes of failure are shown by notations of PO and S indicating pull-out and splitting
respectively in Table 5.3. The general mode of failure for un-cracked specimens is pull-out
(Figure 5.10(a)). Moreover, pre-cracked specimens of NC (RU) for crack widths of 0.10 mm
and 0.15 mm experienced pull-out failure modes. Splitting failure modes are observed for pre-
cracked concrete in which crack widths are larger than 0.20 mm (Figure 5.10(b)). Similar to

pre-cracked concrete, splitting failure modes are observed for all healed specimens.

(b)

Figure 5.10 Failure modes: (a) pull-out (PO); (b) splitting (S)
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5.3.3.1 Bond-slip response of un-cracked SAP concrete

Bond-slip curves of un-cracked concrete are provided in Figure 5.11. Obtained results indicate
that mixtures with 0.25% SAP have comparable bond strengths to the reference mixture (RU)
(Figure 5.11(a-c)). Similar results are obtained for the compressive strength of SAP-1 (Figure
5.7). Moreover, for uncracked specimens, the bond strength of mixture with 0.25% of SAP-2
is similar to the bond strength of 25S1U (Figure 5.11(b)). This contrasts with the results
reported for compressive strength (Figure 5.7), where the compressive strength of 25S2U is
lower than the reference mixture (RU). A lower percentage of SAP with larger diameter (25S1)
has a lower influence on compressive strength, 7.5% reduction when compared with the
smaller diameter SAP (25S2), which gives a 20.4% reduction. Similar results corresponding
to SAP particle size effect are reported by previous studies (Mechtcherine et al., 2017; Schrofl
et al., 2012; Snoeck et al., 2014). The chemistry of the SAP also seems to play an important
role: the SAP-1 made of cross-linked copolymer of acrylamide and potassium acrylate and the
SAP -2 made of cross-linked anionic polyacrylamide. Although the interpretation of the effect
of SAP addition on compressive strength is not clear, capillary porosity and degree of hydration
have been considered as the main reasons for explaining this effect (Piérard et al., 2006).
Formation of macro voids, generated by initially filling of entraining pores with excess water,
which then gradually dries out, significantly changes the equivalent porosity and
microstructure. This theory is strongly confirmed by a model presented by Powers and
Brownyard (1946). The impact of SAP on compressive strength is significantly dependent on
the amount of solid matrix in mixtures which results in different impacts on cement paste,
mortar, and concrete (Lura et al., 2006). However, the internal curing of concrete using SAP
particles has a positive impact on the hydration degree of cement grains which can affect the
long-term compressive strength of SAP concrete (Esteves et al., 2007). In the case of 0.25%
SAP-1, the negative effect of generated voids induced by the SAP particles is compensated by
the improved degree of hydration so that only 7.5% reduction is observed in compressive
strength (Figure 5.7). However, the higher bulk density of SAP-2 compared to SAP-1 increases
the number of SAP particles in the same volume yielding a significant reduction in the concrete

compressive strength. Comparable results were reported by other authors, confirming this



173

phenomenon (Schrofl et al., 2012; Snoeck et al., 2014). Snoeck et al. (2014) have reported
reductions of 4.4% and 15.7% in compressive strength of mortars for 0.48 mm and 0.10 mm
SAP size particles respectively with 0.5% SAP (W /C=0.5, W,/C=0). They have reported a
similar trend for 1.0% SAP with 5.5% and 30.2 % strength reductions observed for particle
sizes of 0.48 mm and 0.10 mm, respectively. Consistent with these results, Schrofl et al. (2012)
have reported that concrete with 0.3% SAP (W /(C=0.30, W, /C=0.06) of 0.63 mm and 0.90
mm particle sizes have 23.7% and 21.3% strength reductions, respectively. However,
conflicting results have been reported by other studies (Mechtcherine et al., 2014; Olawuyi &
Boshoff, 2013; Wang et al., 2009) in which larger SAP particle size leads to higher strength
reduction. Results show that a higher dosage of SAP considerably reduces the bond strength
and residual bond stress (Figures 5.11(c) and 5.12). Initial stiffness of bond-slip curve is lower
for concrete with a smaller particle size (Figure 5.12) compared to large particle size, which
directly affects the slip corresponding to the bond strength (Figure 5.11(d)). Hence, it can be
deduced from Figures 5.11 and 5.12 that high number of macro voids generated by the small
size of SAP particles (Figure 5.8) seems to mostly affect the initial bond stress, while the size
of macro voids seems to affect the bond strength and also bond stress corresponding to a slip

of 6.0 mm, 74, (Figure 5.12).

As illustrated in Figure 5.12, similar to bond strength and residual bond stress, energy absorbed
by the bond mechanism of the un-cracked specimens (shown by Ej ;) is also affected by SAP
dosage. Regarding energy absorption in SAP-contained cementitious materials, only Snoeck
et al. (2018) conducted experimental tests on the self-healing characteristics under impact loads
using a drop-weight machine. They found that the specimens containing SAP have a more
ductile behaviour, as compared to reference mixture. However, the ductility mechanism in
bond behaviour could be different from the impact behaviour. Overall, the results of Figures
5.11 and 6.12 show that SAP concrete with SAP dosage higher than 0.25% (wt.% of cement)
has significantly lower dissipated energy by the bond mechanism which is associated with a
weak paste that crushed more easily under concrete compression in front of the rebar lugs.
Although most of the SAP-modified concrete test specimens failed by a pull-out bond

mechanism, two specimens tested for 0.5% SAP failed by splitting failure modes, which may
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be attributed to the specific random distribution of macro voids generated by SAP particles.
However, the standard deviation reported for bond strength of 0.50 % SAP is in the range of

accepted value (Figure 5.11(c)).

= 30 - 30
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~ 20 =0
A 2
) 0]
= H
w2 w2
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0 0
(a) (b)
2.0
—_— 1.4 -
ch = g 1.3 112 I
= g I
e 1.0 | L
£ 15 £ % o
& N ik
R 2581 2582 50S1 100S1 R 25S1 2552 50S1 100S1
(c) (d)

Figure 5.11 Results of un-cracked SAP concrete:
(a) bond-slip curves for different SAP percentages;
(b) bond-slip curves for different SAP particle sizes; (¢) bond strength;
(d) slip corresponding to the maximum bond stress
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Figure 5.12 Normalized results of un-cracked SAP concrete to the reference mix

Most previous studies have approved that the bond strength is closely related to the square root

of the concrete compressive strength as normalized bond strength, T,,,,/+/ f ¢ (Esfahani &
Kianoush, 2005; Mousavi et al., 2017; Wu & Zhao, 2012). Effect of compressive strength and
also SAP dosage on the bond strength of SAP concrete is formulated by Egs. (5.3) and (5.4)

respectively. Normalized bond stress by compressive strength of SAP concrete, is used in Eq.

(5.3).

Tomax = 8.2y f' ¢ — 37.2 (5.3)

Tmax

Jr'e

= 3.48¢(70:645APy,) (5.4)

As shown in Figure 5.13(a), good correlation is achieved for Eq. (5.3) in predicting the bond
strength as a function of the square root of compressive strength for f'. > 20 MPa (R?>=0.94).

Also, to follow the proposed normalized ratio presented in the literature, Eq. (5.4) shows a
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good correlation for relating the normalized bond strength of SAP concrete, as a function of

SAP weight ratio used (R?>=0.87, Figure 5.13(b)).

30 4.0
y=82x-372 — y = 3.48¢064
25 b | R=094 < 35 ¢ R2=0.87
QC?‘ o -.\‘ 5
= 20 y o 30
= g
> | .
15 g 23
= % e
20 5
10 | g :
15 L -
5 : : 0 05 1
’ ° ’ ° SAP weight ratio (%)
, , weight ratio
(fc)l/z (Mpallz) 0
(a) (b)

Figure 5.13 Bond strength of SAP concrete: (a) versus compressive strength;
(b) normalized bond strength versus SAP weight ratio

To compare the size of the void around the rebar edge, disk-shaped layers of concrete cylinders
are cut from tested specimens and analyzed under the microscope. Voids generated due to the
SAP particles inside the concrete mixture are illustrated in Figure 5.14 for different SAP
dosage ratios. SAP particles make much larger voids inside the concrete than air voids. In
addition, the shape of the voids is changing in comparison with the reference concrete without
SAP. The analysis shows that SAP percentage leads to a significant increase in the maximum
diameter of the macro voids inside the mixture. The number of macro voids is increased for a

higher percentage of SAP inside the concrete mixture.
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5.3.3.2 Bond-slip response of pre-cracked SAP concrete

Although one of the most relevant problems of steel-congested concrete structures (such beam-
column joint) is the pre-cracking phenomenon due to the plastic shrinkage cracks and
accidental damages (previous earthquakes or over-loading), limited and also scattered studies
have been devoted to address this issue (Brantschen et al., 2016; Matsumoto et al., 2016;
Mousavi et al., 2019). Results of pre-cracked SAP concrete show that the bond-slip behaviour
of steel rebar is noticeably influenced by the presence of initial crack widths (Figure 5.15).
Bond strength and area under bond-slip curves are significantly affected by initial cracks
induced by the pre-cracking phenomena. Similar results have been reported in the literature for
NC (Brantschen et al., 2016; Mousavi et al., 2019). However, results show that crack width
smaller than 0.15 mm has no significant effect on bond strength and failure mode of NC (Table
5.3). As the crack width increases, absorbed energy decreases which shows a more brittle
behaviour of rebar-concrete bond response. Low normalized energy dissipated is associated
with a brittle bond response associated with moderately and unconfined concrete, while a high
energy value shows a ductile bond response tending toward confined concrete bond response
(Guizani et al., 2017). Overall, observations indicate that the percentage and size of SAP
directly affect the structural behaviour of the pre-cracked concrete. To accurately compare the
results of pre-cracked and healed concrete with un-cracked concrete, a reduction factor is

defined hereafter as follows:
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Rebar Edge.,

Figure 5.14 Voids generated in concrete containing SAP-1: (a) 0% SAP; (b) 0.25% SAP;
(c) 0.50% SAP; (d) 1.0% SAP
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Tprecracked

RF = [ ] x 100 (5.5)

Tuncracked

A higher RF corresponds to lower damage due to the pre-cracking phenomenon so that, as the
reduction factor increases, bond strength of rebar in pre-cracked concrete increases compared
to the reference mixture (without crack). RFs of bond strength for pre-cracked concrete
concerning different concrete mixtures, SAP percentage, are illustrated in Figure 5.15(f).
Although the similar limited value of crack is defined for a pre-cracking recording device,
different values of crack widths are measured at the end of the test called “ultimate crack
width” which are in the range of 0.0-0.50 mm. A similar extent of scattering in the test results
is observed and reported before in the literature related to the simulation of pre-cracking in the
rebar-concrete interface (Desnerck et al., 2015; Mousavi et al., 2019). Consistent with the
failure modes (Table 5.3), the trend shows that cracks having widths smaller than 0.15 mm (w
< 0.15) have a limited impact on the bond strength, with a reduction factor close to unity
(50S1C0.1). This is conforming to results reported by previous research (Mousavi et al. 2019).
The results show that among the concrete mixes, 25S1 shows acceptable (25S1C0.3) and also
a higher reduction factor (25S1C0.4) compared to the reference mixture (RC). This can be
attributed to the fact that a lower dosage of SAP-1 improves the sensitivity of concrete mixtures
to the pre-cracking phenomenon for larger crack widths (Figure 5.15). However higher dosage
of SAP in the mixture leads to a considerable reduction in bond strength of rebar in pre-cracked
concrete, due to the increased porosity which is similarly reported for compressive strength
(Figure 5.7). A similar explanation has been reported by Powers & Brownyard (1946) in which
porosity (pore volume) plays a critical role in hardened properties of cement paste. Higher
dosage of SAP results in higher porosity (Figure 5.11(d)), due to the shrinking particles
exposed to the surrounding dry environment. A similar explanation can also be used for a
mixture containing 0.25SAP-2, in which despite the lower compressive strength compared to
the 0.25SAP-1, similar bond strength is obtained for both SAP particle sizes (Figure 5.10(b)).
Furthermore, the effect of higher porosity can be clearly observed in the initial stiffness of
bond strength (7, ), so that a higher slip corresponding to the bond strength (Smax) is reported
for 0.25SAP-2 compared to 0.25SAP-1.
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Figure 5.15 Bond-slip curves of pre-cracked concrete: (a) R; (b) 25S1; (c) 50S1;
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Figure 5.16 shows the reduction factors as a function of the ratio of crack width-to-rebar
diameter, w/dj, for bond strength. General results show a significant impact of the pre-
cracking phenomenon on bond strength of all mixtures. Concrete containing 0.25% SAP-1
shows the same and higher reduction factors (good performance for the pre-cracking
phenomenon) in some cases compared to the reference concrete (Figures 5.15 and 5.16(a)).
However, a higher dosage of SAP results in lower reduction factors caused by macro voids
(Figure 5.16(a)). Moreover, it can be deduced from Figure 5.16(b) that concrete with SAP-2
(smaller size) has a lower reduction factor for the same w/d), ratio compared to the concrete
with SAP-1. This can be attributed to the higher bulk density of SAP-2, which increases the

number of voids in the matrix.
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Figure 5.16 Reduction factor of bond strength of SAP concrete:
(a) according to the percentage of SAP; (b) for different SAP types
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5.3.3.3 Bond-slip response of healed SAP concrete

Bond-slip curves of healed concrete are shown in Figure 5.17. Overall, results indicate that a
higher percentage of SAP inside concrete leads to more autogenous healing compared to other
mixtures. Moreover, observations confirm that 28-day healing periods resulted in higher
healing, compared to 14-day healing periods. SAP concrete with larger crack widths shows
considerable improvement factor (healing effects) than smaller size for crack widths of 0.30
mm (Figure 5.17(f)). Bond-slip curves of healed concrete show that the healing periods could
not change the bond failure mechanism, splitting failure are observed for all healed concrete.
However, the bond properties are improved which includes bond strength, residual bond stress,
and absorbed energy by the bond mechanism (Figure 5.17 and Table 5.3). It is worth
mentioning that if the crack width is closer to 0.15 mm, the bond failure mode could change
due to healing with SAP especially after a long period of healing. Hence, more experimental
studies are necessary for smaller crack widths and also for more extended periods of healing.

To check the efficiency of SAP on the healing of cracks at the rebar-concrete interfacial

surface, the improvement factor is defined as follows:

THealed — TPrecracked

IF = ] X 100 (5.6)

Tuncracked — TPrecracked

Improvement factor (IF) for SAP concrete is illustrated in Figure 5.18. Although SAP
significantly increases the self-healing capacity of concrete for bond strength (7,4 ), scattered
results are obtained for initial bond stress (7, ;) (Figure 5.18(a)). Moreover, promising results
are observed for the energy absorbed by the bond mechanism until 1.0 mm (Figure 5.18(a)).
In the case of reference concrete (R, without SAP), although considerable healing is observed
after 28-day healing periods for initial bond stress, only 5.7% IF (R/28H0.4) is obtained for
bond strength (R/28H0.4). However, similar to un-cracked (Figure 6.11) and pre-cracked
(Figure 5.15) concrete, 0.25% SAP concrete shows good healing effect compared to the
reference concrete so that maximum values of 16.2% and 20.6% IF is obtained for SAP-1 and

SAP-2 concretes respectively after 28-day healing periods (Figure 5.18(a)).
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For crack width of 0.30 mm, concrete with large SAP particles (25S1/28H0.3) has a higher
healing effect with IF of 16.2% compared to the concrete with small SAP particles
(25S2/28H0.3, 11.4% IF). Even though 0.50% SAP leads to about 35% healing effect after 14-
day healing periods, results indicate that this healing period is not sufficient (Figure 5.18(b)).
Although higher SAP dosage reduces the bond strength of un-cracked concrete (Figure 5.11),
the healing capacity is increased. The mixtures 50S1 and 100S1 heal the crack width of 0.30
mm with IF of 29.6% and 25.1% respectively after 28-day healing periods (Figure 5.18(a)).
As mentioned in Table 6.1, a high amount of polycarboxylate-based superplasticizer is used
for both 0.50% and 1.0% SAP to have appropriate slump flow. The same issue is reported by
Van Tittelboom et al. (2016) for 0.50% SAP. This high amount of superplasticizer may affect
the amount of remaining unhydrated cement particles in SAP concrete. Experimental results
reported by Heikal et al. (2006) showed that the high content of superplasticizer causes slightly
lower free lime content, showing a lower degree of hydration. The higher content of
unhydrated cement particles inside the mixture may slightly affect the self-healing
improvement factor. In some cases, initial bond stress is the only critical parameter improved
by healing periods including R/28H0.3 and 25S1/14H0.4, these require more healing periods.
Also, in some cases, the healing percentage of initial bond stress is significantly more than the
other bond properties such as R/28H0.4, 25S2/14H0.3, and 25S1A/14H0.3 (Figure 5.18(a)).

Overall, results confirm that 0.25% SAP is the most effective on steel rebar-concrete interfacial
properties in all statuses of un-cracked, pre-cracked, and healed concrete. The main advantages
of 0.25% SAP concrete are comparable bond strength to un-cracked concrete, less or
comparable sensitivity to the pre-cracking phenomenon (especially SAP-1), and higher healing
effect compared to the reference concrete. General trends show that 14-day healing periods is
approximately enough for healing the initial bond stress 7o.1, while longer healing periods are
necessary to heal the bond strength. This can be explained by the fact that for the initial bond-
ascending branch, it is the paste in contact with rebar ribs stiffness that governs the interfacial

behaviour.
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Figure 5.18 Improvement factor (IF) for the self-healing capacity of SAP concrete;
(a) comparing bond properties; (b) for various healing periods

The external surface of the crack lip in the healed specimens after wet-dry cycles shows a large
quantity of stalactites (Figure 5.19(a)), which is similarly reported by Snoeck et al. (2014).
They have stated that the stalactites consist of a significant amount of CaCO3 and washed out
hydration products (Snoeck et al., 2014). Also, to visualize the hydration products at the
interior of cracks healed by SAP, disk-shaped pre-cracked concrete specimens without steel
rebar are considered in the current study. Microscopic images of the interior cracks of these
specimens at the crack lip are presented in Figure 5.19(b-c). Abundant crystal formation can
be seen for both SAP-1 and SAP-2. On the interior part of crack widths, white materials are
observed, which could be attributed to the participation of CaCO3 (Snoeck & De Belie, 2015;
Snoeck et al., 2014). It is clearly visible in Figure 5.19(b-c) that crystallization starts from the
closer parts of crack tips and then propagates to the interior parts of the crack to provide a
bridge between the crack lips. To confirm the previous results of CaCOs3 participation, SEM
analysis on healed products are conducted in the present study, which is illustrated in Figure
5.20. Six points are selected in map analysis from the healed products specimen to determine

the most important element. The average value of mass percentage is shown in Figure 5.20.
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Results clearly show a considerable mass percent of Calcium (the average value of 53.6%) in
the healed products. Moreover, Map analysis of SEM image shows that elements of Oxygen

and Carbon have 34.4% and 8.7% of mass percent of healed products respectively.

Healedf .

: kﬁlucl

- Final crack Final erack lip

led [N
Healed m\ 5/' lip after /7

-+ --m___‘_‘

e \‘"“;«u : T

[mitial crack lip N Initial crack lip

(©)

Figure 5.19 Healing products after wet-dry cycles: (a) on external surface of the crack lip;
(b) on interior of cracks for SAP-1 modfified concrete;
(c) on interior of cracks for SAP-2 modfified concrete




187

D75 =100 LTI MAG: 100x HN

60
o [
iR §§.95A) @1
~ e
o B2
g 0 o3
240 :jg 34.37% @4
= a8 ' @s
0 i 7l
o 1N 7 0o
L.
- 4
2 | /8
= 1 i
31§ A 1 L77%  0.75% 0.52%
o L E M Hiree ECEE Lo SRR

Ca O C Si Mg Al
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As SAP particle is needed at the crack surface for increasing the possibility of the crack-healing
process, it is essential that cracks pass the locations in which SAP is located. This can provide
water resources for producing healing products. Figure 5.20 shows that the position and the
irregular shape of SAP voids has a significant impact on the crack path so that it provides an
appropriate condition for healing. On the other hand, cracks propagate from the location of
SAP particles. As the SAP percentage increases, the number of macro void increases (Figures
5.14(c) and (d)) providing more possible links for cracking path. Similar results of the role of
SAP as a crack initiator are reported for SAP-modified engineered cementitious composites
(ECC) (Kim & Schlangen, 2010; Yao et al., 2012). It is worth emphasizing that “unconfined”
concrete (without transverse reinforcement) is only considered for the current study and more
experimental works are necessary to confirm the observations for confined concrete with

surrounding stirrups in which crack widths are controlled by transverse reinforcement.

Figure 5.21 Cracks pathing through SAP locations
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5.4 Macro voids around the rebar

Voids generated due to SAP particles inside concrete mixture around the rebar are illustrated
in Figure 5.22. SAP particles generate larger voids inside concrete in comparison with the size
of the air void. In addition, the shape of the voids is changed in comparison with concrete

without SAP, which is precisely illustrated in Figure 5.14.

Figure 5.22 Voids generated around the rebar in concrete containing SAP
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To compare the void size around the rebar edge, disk-shaped layers of concrete cylinders after
28 days curing are cut, polished and analyzed by the microscope. Six specimens are analyzed
for every type of concrete, which is summarized in Table APPENDIX IV.1 (see page 313).
The analysis is performed for a distance of about 7.5 mm from the edge of rebar. Analyze
shows that SAP percentage causes a significant increase in the maximum diameter of the void
inside the mixture (Figure 5.23(a)). The average maximum size of SAP particles existed in the
mixture around rebar is about 1.30 mm, 1.88 mm, 2.28 mm, and 2.78 mm for SAP percentages
of 0, 0.25%, 0.50%, and 1.0% respectively. Effect of SAP percentage on the maximum

diameter of voids is formulated as follows by average values:

Max diameter = —998.95(SAP%)? + 2468.1(SAP%) + 1309.3 (5.7)

Additionally, the distance of the macro voids generated in SAP concrete is also measured for
these six disk-shaped specimens. Results indicate that concrete containing SAP higher than
0.25% has macro voids closer to the rebar edge with maximum distances of 4.56-4.95 mm.
The closest distance of 0.22 mm is observed for macro voids (Figure 5.23(b)). However, the
average values of distances do not change between the mixtures. As severally reported in the
literature, the rebar-concrete interface is largely composed of calcium hydroxide (CH), and
that there is, therefore, a larger amount of CH present at the steel-cement paste interface than
in the bulk cement paste (Al Khalaf & Page, 1979; BS-8110, 1997; Page, 1975; Yue &
Shuguang, 2001). Having more macro voids occupied by SAP particle closer to steel edge,
enriched by calcite, can significantly increase the possibility of calcium carbonate
precipitation. Hence, more experimental studies are necessary for future works. It is essential
to emphasize that this microscopic analysis only shows the distance of the maximum size
macro voids to the rebar edge. Distribution of the macro voids around in the paste surrounding
the rebar is previously studied in Figure 5.18, the interfacial transition zone (ITZ). Also, it is
worth mentioning that more experimental studies are necessary to precisely concentrate on the
effect of these macro voids on compressive strength and other mechanical strength of SAP

concrete.
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Figure 5.23 Results of the microscopic analysis till 7.5 mm from rebar edge:
(a) maximum diameter of macro voids with respect to different SAP dosages;

(b) distance of the macro voids from rebar edge
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5.5 Summary and concluding remarks

This study evaluates the interfacial properties between the steel rebar and SAP-modified

concrete. Findings support the hypothesis that concrete composition could be a critical

parameter for controlling cracks at rebar-concrete interfacial surfaces. The following
concluding remarks are drawn from the experimental program results:

- The addition of SAP accelerates the healing process in the concrete mixture. The self-
healing ability of concrete containing SAP improved the initial bond stress, the bond
strength, and the energy absorbed related to the bond response ductility.

- Overall, results confirm that 0.25% SAP is the most effective on steel rebar-concrete
interfacial properties in all statuses of uncracked, pre-cracked, and healed concrete. It
allows a comparable bond strength to uncracked concrete, lower sensitivity to the pre-
cracking phenomenon, and a more pronounced healing effect compared to the reference
concrete (without SAP).

- Despite reductions in the bond strength and residual bond stress for uncracked concrete
with 0.50% and 1.0% SAP, a higher dosage of SAP inside the concrete mixture
significantly increases the healing ability at the steel rebar-concrete interface.

- The results for the uncracked, pre-cracked, and healed concrete demonstrate that large SAP
particle size is more effective than smaller particle size on steel rebar-concrete interfacial
properties. However, concrete containing smaller particle sizes of SAP showed comparable
bond strength of steel rebar in uncracked concrete.

- Results indicate that 14-day healing periods are not enough to heal cracks at the steel rebar-
concrete interface, especially for bond strength recovery. However, promising results are

obtained for 28-day healing periods.

It is worth emphasizing that “unconfined” concrete (without transverse reinforcement) is only
considered for the present study, and more experimental works are necessary to confirm and/or
adjust the observations for confined concrete with surrounding stirrups, in which crack widths

are controlled by transverse reinforcement.
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Abstract

This paper investigates the effect of air-entraining admixture on self-healing method at the
rebar-concrete interface. Pull-out tests are conducted on uncracked, pre-cracked, and healed
specimens. 14 and 28 days are considered for healing periods. Two types of SAP with different
chemical compositions and particle sizes are considered for the experimental tests. Scanning
electron microscopy/energy dispersive X-ray spectrometry along with microscopic analysis is
performed to study the healing products at crack surface and SAP macro voids around the
rebar. 0.25% and 1.0% SAP dosages are considered for tested concrete mixtures, and air-
entraining (AE) admixture with a dosage of 0.83 kg/m® is also used. Pull-out test results of
mixtures containing AE admixture are compared with those in non-AE concrete. Overall,
results indicate that AE admixture has a considerable impact on the performance of the self-
healing method at the rebar-concrete interface especially for higher dosage of SAP (1.0%).
This can be attributed to the internal voids networks around the rebar generated by AE
admixture, which can ease the water transfer between SAP macro voids to participate in
healing cracks after wet-dry cycles. SEM analysis shows that stalactites, healing products at

the external surface of crack, are composed of a large amount of calcium and oxygen.
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Additionally, a comprehensive statistical analysis is conducted in the present study to find out

the most important parameter affecting the self-healing results.

Keywords: bond strength superabsorbent polymer; self-healing; air-entraining concrete

6.1 Introduction

Air-entraining (AE) admixtures are organic surfactants which entrain a controlled quantity of
air in concrete is uniformly dispersed discrete bubbles of predominately between 0.25-1.0 mm
diameter (Ramachandran, 1996; Usher et al., 1980). AE agents reduce the surface tension of
water and facilitate bubble formation. Uniform dispersion and appropriate stability are
obtained by the mutual repulsion of the negatively charged air-entrainer molecules and the
attraction of the air-entrainer molecules for the positive charges on the cement particles (St
John et al., 1998). AE increases the workability and consistency of concrete (Dolch, 1996), so
that mixtures with AE admixture have a higher slump as compared to NC at the same water
content. High workability of AE concrete is attributed to some sort of "ball bearing action" of
the air bubbles, kept spherical by surface tension (Bruere, 1967; Mielenz, 1968). On the other
hand, the presence of microscopic air bubbles acts as a lubricant. AE concrete is less sensitive
to bleeding and segregation than is non-AE concrete (Ramachandran, 1996). AE admixtures
have no noticeable impact on the hydration rate of cement or on the heat evolved by that
process. The strength of the hardened concrete is decreased as the amount of air is increased.

Most of the previous studies on the field of AE concrete concentrated on the resistance of
mixtures exposed to low temperatures (winter exposure) and freeze-thaw cycles in water-
saturated RC members such as outdoor slabs, pavements and bridges (Dhir et al., 1999; Shang
et al., 2009), i.e., durability problem in cold climates. Perenchio et al. (1990) postulated that
the diffusion of gel water to capillary pores encompassing ice causes the growth and expansion
of ice lenses, results in generating micro cracks. The freezing cycle increases the width of these
micro-cracks, which afterward filled with water during thawing cycles. This cycle causes a
rapid deterioration of concrete. Hill et al. (2008) found that frost damage of concrete can be

attributed to the osmotic pressure, in which unfrozen water is compelled to capillary pores
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under a salt concentration gradient. The growth of ice growth in such locations causes
considerable degradation. The resistance of hardened concrete to this type of damage is
considerably improved by the use of AE admixtures (Hang & Zhang, 2011; Lazniewska-
Piekarczyk, 2013; Molero et al., 2012; Peng et al., 2007; Sahin et al., 2007; Shang & Y1, 2013;
Soutsos, 2010; Yuan et al., 2011; Zheng et al., 2014; Ziari et al., 2017). This is achieved by the
entrained-air bubbles acting as expansion chambers to accommodate the ice formed within the
capillaries (Dhir et al., 1990; Dhir et al., 1991). Moreover, for a given workability, AE concrete
is more durable, as compared to the non-AE concrete by providing lower w/c (Aitcin, 2016).
Furthermore, in AE concrete, a network of closely “spaced air bubbles” (10-100 pm in
diameter) provides a release for additional pressure caused by freezing-thawing cycles
(Hazaree et al., 2011; Litvan, 1988). The AE admixture, as a surfactant, helps in bubble
stabilization by reducing the surface tension of water (Lazniewska-Piekarczyk, 2013). Total
volume of the entrained air, average volumic surface, and spacing of the air bubbles are the
fundamental characteristics of this “air bubble network”, which is comprehensively discussed
by Gagné (2016). These air bubbles need to be homogeneously dispersed in the mix, which
can be characterized by what is called the “spacing factor of the bubbles network™. There is a
general agreement that this stabilized bubble network generated by AE admixture increases
frost resistance and durability properties of both NC and high performance concrete (HPC)
such as self-consolidating concrete (SCC) and high strength concrete (HSC) (Aitcin & Lessard,
1994; Bassuoni & Nehdi, 2005; Beaupré et al., 1999; Crouch et al., 2000; Dhir et al., 1999;
Gagne et al., 1991; Gardner et al., 1986; Peng et al., 2007; Ziaei-Nia et al., 2018).

Similar to the AE admixtures, superabsorbent polymers (SAP) enhance freeze-thaw resistance
of concrete (Craeye et al., 2018; Falikman, 2019; Jensen & Hansen, 2002; Jones & Weiss,
2014; Laustsen et al., 2015; Reinhardt et al., 2008; Sikora & Klemm, 2014; Tan et al., 2019;
Wang et al., 2014) by producing a concrete with predefined size and spacing of air inclusions.
Accordingly, Falikman (2019) showed that SAP voids can improve frost resistance with lower
impact, as compared to the AE admixtures. Reinhardt et al. (2008) reported that this effect can
be attributed to the densification of the concrete mixtures by the absorption of pore water by

the SAP. Sikora & Klemm (2014) observed that SAP with high water absorption capacities
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can mitigate flexural strength reduction caused by frost action. They confirmed the fact that
SAP modified mixture is suitable for ice expansion during freeze-thaw cycles by the formation
of larger pores suitable for ice expansion so that SAP may perform similarly to AE admixtures.
Both the dosage and particle size of the SAP has a considerable effect on the freeze-thaw
resistance of concrete (Craeye et al., 2018). Jones & Weiss (2014) showed that both air-
entraining admixture and SAP are needed for concrete exposed to freeze-thaw cycles, while
air-entrained concrete without SAP cannot provide sufficient freeze-thaw durability. However,
there is no detailed study on the effect of AE-SAP combination on concrete characteristics.
As reviewed, despite the extensive studies of the effect of stabilized air bubble network,
provided by AE admixture, on durability properties of concrete, there is no specific study on
the impact of this spaced air bubble network on fracture mechanic and self-healing properties
of concrete. Hence, the present study aims to continue the research presented in the previous
chapters by adding AE admixture for improving the sensitivity of concrete exposed to the pre-
cracking phenomenon and the self-healing method at the rebar-concrete interface. Main
objectives of the present study are as follows:

1- How much does the AE admixture affect the bond strength of steel rebar in pre-cracked
concrete?

2- How much AE admixture is efficient for the self-healing method by SAP at the steel rebar-

concrete interface?

To address these questions, an extensive experimental plan is conducted in the present study.
Different dosages of SAP and AE admixture are considered. Three main statuses of specimens
are used including uncracked, pre-cracked, and healed specimens. Statistical analysis of
obtained results is carried out on combined results from this experimental plan and from earlier
chapters plan, to identify the most significant factors affecting the self-healing method

performance.
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6.2 Experimental program

6.2.1 Material properties and experimental plan

Ten different concrete mixes are considered for this study to compare the results between AE
concrete (5 mixes) and non-AE concrete (5 mixes). Mixtures are designed to determine the
effect of different parameters including (a) SAP percentages; (b) SAP size and chemistry; (c)
concrete flowability; and (d) AE admixture on bond strength of uncracked, pre-cracked, and
healed concrete. The concrete composition of AE mixtures is illustrated in Table 6.1. Details
of non-AE mixtures for both NC and SAP-modified NC are mentioned in Chapter 5. General
use (GU) cement is used for all mixtures with a density of 3.15 g/cm’. Natural sand with a
maximum grain size of 1.25 mm and a specific gravity of 2.68, and gravel with a nominal
maximum diameter of 14 mm and a particular gravity of 2.68 are considered for mixtures. The
SAP is added at a range of 0.0-1.0 wt.% of cement for non-AE concrete and only 0.25% and
1.0% for AE-contained mixtures. Details of SAP used including particle size, particle shape,
and water absorption capacity are detailed in Chapter 5. To adjust the flowability of concrete
mixtures, superplasticizer (MasterGlenium 1466 and EUCON PLASTOL 341) is added, at
different proportions. AE concrete mixtures contain an aqueous solution compound of
synthetic chemicals by 0.83 kg/m? of concrete mixture, with a specific gravity of 1.006, 7.5%
of solids by weight, and a pH of 11.0.

Table 6.1 Concrete composition of AE concrete mixtures

Mix Cement | Sand Gsr /T(’)el Cif;;r :l Water v?:tgr SP AE SAP
(kg/m?) %
RA-1 395 788 822 258 165 0 3.98 | 0.83 0
RA-2 395 788 822 258 165 0 523 |0.83 0
25S1A 395 788 822 258 165 24.7 3.27 | 0.83 0.25
25S2A 395 788 822 258 165 24.7 223 | 0.83 0.25
100S1A 395 788 822 258 165 98.8 4.15 | 0.83 1.0

* Note: Add=additional water, SP=superplasticizer by MasterGlenium 1466 for all mixture except mixes
RA-1 and 100S1A which used EUCON PLASTOL 341, SAP= % wt. of cement, AE=air entraining by
Eucon air mac 6 (0.21% wt. of cement).
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Specimens are initially cured 28 days in the moisture room at 97.3% RH and 23 °C. Those
specimens, which are subjected to wet-dry cycles, remained in the curing tank for longer
periods of 14 and 28 days (20 °C, 60% RH). One wet-dry cycle represents 24 hours in water
followed by 24 hours in dry condition. Consequently, 7 and 14 cycles took 14- and 28-day
wet-dry cycles respectively. Configurations of concrete mixtures studied in the present study
are illustrated in Table 6.2. Reference mixes are designated by “R”, “RA-1", and “RA-2".
Character “A” in the names of some mixtures determines AE mixtures. ”S1” and “S2”
correspond to mixtures containing SAP-1 and SAP-2 respectively. Numbers of 25, 50, and 100
in some mixtures show 0.25%, 0.50%, and 1.0% SAP by weight of cement respectively.

Table 6.2 Configurations of mixtures used in the present study (with mixtures of Chapter 5)

) AE Polymer SAP percentage (%) Slump | Density!
Mixture wg/c 3
With | Without | SAP-1 | SAP-2 | 0 | 0.25 | 0.50 | 1.00 (mm) | (kg/m")
R X X 0.41 97 2453.80
RA-1 X X 0.41 110 -
RA-2 X X 0.43 200 2390.08
2581 X X 0.48 104 2416.79
25S1A X X 0.48 170 2368.02
2582 X X 0.48 109 2419.22
25S2A X X 0.48 191 2283.30
50S1 X X X 054 |95 2335.76
100S1 X X X 0.66 |91 2256.72
100S1A X X X 0.66 100 2219.85

* Note: wr/c= total water-to-cement ratio.' average hardened density of mixtures after 28 days curing.

6.2.2 Experimental procedure

The pre-cracking test is carried out as detailed in Mousavi et al. (2019). Controlled Brazilian
tests (splitting), recommended by Desnerck et al. (2015), are used to produce different crack
widths parallel to the rebar direction (Figure 6.1(a)). To control crack opening, crack gauges
are installed at both sides of specimens, along with manual measurement of crack widths.

Based on empirical observations, the displacement rate of 0.11-0.15 mm/min is considered for
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splitting tests. Then, direct pull-out tests are conducted after three stages of uncracked (without
splitting test), pre-cracked, and healed (after 14 and 28 days re-curing) specimens with a
displacement rate of 0.50 mm/min (Figure 6.1(b)). To prevent corrosion influences for 28-day
healing periods, the heat-shrinkable tube is used along with using is at both end sides of tubes

(Figure 6.1(c)).

Figure 6.1 Experimental procedure :
(a) pre-cracking test; (b) pull-out test; (c) heat-shrinkable tube
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6.3 Experimental results

This section intends to compare AE concrete mixtures with non-AE mixtures for three statuses
of uncracked, pre-cracked, and healed concrete. As mentioned in the previous chapters and
recently published companion paper (Mousavi et al., 2019), three main characteristics of
average bond stress (7,,), maximum bond stress called bond strength (), and residual bond
stress (t,) are considered in the following subsections. Overall, results show that two main
failure modes of pull-out (Figure 6.2(a)) and splitting (Figure 6.2(b)) are observed for
uncracked and pre-cracked specimens, respectively. General observations show that uncracked
and cracked specimens with w < 0.15 mm experience pulling out the rebar from concrete

cylinder without propagating cracks in the plane of the rebar, while w > 0.15 mm leads to

splitting specimens.

(@)

(b)

Figure 6.2 Failure modes for pull-out test specimens: (a) pull-out failure; (b) splitting failure

Compressive strength of concrete mixtures is shwon in Figure 6.3. Generally, results indicate
that 25S1A is the optimum mixture among other air-entrained mixtures. Results show that

using AE causes considerable reduction effect on compressive strength so thstrength
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reductions of 18.6%, 7.0%, 16.5%, and 33.2% are obtained for mixtures of RA-1, 25S1A,
25S2A, and 100S1A repectively (Figure 6.3(a)). Moreover, results show that AE has lower
impact on compressive strength of concrete containing SAP with larger particle size (25S1A)
as compared to the smaller size SAP (25S2A). Besides, results show that AE has higher
devastating impact on compressive strength of mixture contaning higher dosage of SAP
(100S1A) as compared to the lower dosage (25S1A). As illustrated in Figure 6.3(b), the present
study proposes Egs. (6.1) and (6.2) for the 28 days compressive strength of non-air-entraining
and air-entraining SAP concrete mixtures respectively, as a function of totall water-to-cement

ratio (wg/c), as follows :

f'e = 152.7e231wr/©) (6.1)
f'e = 163.62¢~30Mwr/c) (6.2)
70 70

= 58,8

& 60 +3 = y=152,70e231x
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Figure 6.3 Compressive strength of concrete mixtures containing SAP and AE
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6.3.1 Uncracked concrete

Results of uncracked concrete are shown in Figure 6.4 for all mixtures. To compare all
mixtures, the effect of concrete compressive strength is eliminated by normalization. Bond
characteristics of characteristic bond stresses. This is achieved by dividing these stresses by

the square root of concrete compressive strength including normalized average bond stress,
T = T/~ f ¢, normalized bond strength, 7,* = 7,,/+/f’., and normalized residual bond

stress, 7, = 1,/ m . Results indicate that RA-2 and R mixtures have the highest normalized
average bond stress among other mixtures (Figure 6.4(a)). In the case of normalized bond
strength, RA-2 has higher values (4.2), as compared to other mixtures (Figure 6.4(b)). Similar
results are observed for normalized residual bond stress (Figure 6.4(c)) and energy dissipated
by bond mechanism (Figure 6.4(d)). A detailed discussion of these observations is provided in
Chapter 4. This can be attributed to the higher slump value of RA-2, which affects the rebar-
concrete bond strength. A limited number of studies have noticed this observation (Mousavi et
al., 2017; Sfikas & Trezos, 2013). The following subsections discuss the effect of SAP
percentage, AE admixture, and SAP type on bond characteristics of steel rebar embedded in

uncracked concrete.
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Figure 6.4 Normalized bond properties of mixtures: (a) average bond stress;
(b) bond strength; (c) residual bond stress; (d) bond energy

6.3.1.1 Effect of SAP percentage on bond strength of AE and non-AE concrete

Figure 6.5 shows the effect of SAP percentage on the bond response of uncracked concrete.
General results show that SAP percentage higher than 0.25% leads to a significant reduction

in normalized bond strength.
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Figure 6.5 Effect of SAP percentage on normalized bond properties of uncracked concrete:
(a) non-AE concrete; (b) AE concrete

In the case of non-AE concrete, general results show that a higher dosage of SAP causes a
considerable reduction in bond properties, especially for residual bond stress (Figure 6.5(a)).
Among the bond properties, SAP dosage has higher and lower influences on maximum
(44.1%) and residual (77.8%) bond strength respectively for non-AE concrete. However,
different trends are followed by AE concrete, so that approximate reduction of 50.0% is
observed for all bond properties of mix 100S1A (Figure 6.5(b)). The optimal dosage of 0.25%
is obtained for both AE and non-AE mixtures by 2.9% and 0.0% strength reductions on bond
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strength respectively (Figure 6.5). Moreover, in the case of 0.25S1A, 4.8% and 10% increases
are recorded for average and residual bond stress respectively. This finding can confirm the
fact that AE admixture is in good combination with 0.25% SAP for using in concrete mixtures.
Despite the findings of the present section, more experimental studies are necessary for future

works to confirm the obtained results.

6.3.1.2 Effect of AE admixture on bond strength of AE and non-AE concrete

In the case of reference mixes, AE admixture has no considerable effects on maximum and
average bond stress (Figure 6.6(a)), while 44.0% reduction is obtained for the AE-contained
mixture (RA-1). For 0.25% SAP-1, maximum and residual bond stress are the same for both
AE and non-AE mixtures, while the average bond stress of 25S1A is 29.0% more than 25S1
(Figure 6.6(b)). Similar results are obtained for 1.0% SAP-1 (Figure 6.6(d)). However, results
show that AE admixture has negative impacts on bond properties of SAP-2 so that 22.0%,
30.0%, and 62.0% reductions of average bond stress, bond strength, and residual bond stress
are obtained respectively for using AE admixture (Figure 6.6(c)), which is similar to the trend
of reference mixture (“R” mixture, Figure 6.6(a)). Hence, comparable and higher bond
properties of SAP-1 presented in Figures 6.5(b), and 6.6(b and d) show the fact that SAP-1 is
more adaptable with AE admixture when compared with SAP-2.
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6.3.1.3 Effect of SAP particle size and type on bond strength of AE and non-AE concrete

The effect of SAP particle size (and/or chemistry) is shown in Figure 6.7. Results show that

the mixture containing SAP-2 has higher average bond stress, bond strength, and residual bond
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stress compared to those of SAP-1. This can be a conflicting result with the results presented
in Chapter 5, in which SAP-2 has lower compressive strength compared with SAP-1. Figure
5.8 (Chapter 5) shows that SAP-2 produces a higher number of pores in paste around the rebar
with a smaller void size. Therefore, the porosity pattern of SAP-2-contained concrete is
different from SAP-1-contained concrete. A similar trend is reported by Sfikas & Trezos
(2013) and Ahmad et al., (2018), which can be explained by a hypothesis that concrete
compressive strength cannot be only used for predicting bond strength instead of water-to-
cement ratio (w/c) and also mixture porosity. The effect of these parameters should be
separately considered in bond strength field of study. For instance, due to the higher amount
of porosity in lightweight aggregate concrete, recent findings show that concrete compressive
strength has no significant effects on bond strength (Ahmad et al., 2018), which is different
from the existing design codes where a safety factor is considered along with the concrete
compressive strength. Different chemistries of SAP may affect the observed trend in uncracked
concrete. However, the chemical part of SAP used is out of the scope of the present study and

more studies are necessary for future studies.

4
#25S1
#2582

3 H25S1A
#25S2A

Normalized bond properties
()

Figure 6.7 Effect of SAP type and particle size on normalized bond properties of AE
and non-AE uncracked concrete
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6.3.1.4 Performance of the proposed models for uncracked concrete

To determine the efficiency of the proposed models, introduced in Chapter 3 for predicting the
bond strength, experimental results of uncracked concrete for all mixtures are used in this
section. As shown in Figure 6.8, the proposed model for Mode-2 of uncracked concrete
considerably underestimate the bond strength of the reference and mixtures containing low
content of SAP (R, 25S1, 2552, 25S1A, and 25S2A). This can be attributed to the fact that the
ratio of rib spacing-to-height of rebar used in the experimental program is equal to 7.0, which
is lower than the range reported by Wu and Chen (2015), S,./h,. > 10.0, for crushing a wedge-
shape concrete. Moreover, this clearly shows good concrete confinement around the rebar. In
the case of mixtures containing SAP content higher than 0.25 % (50S1, 100S1, and 100S1A),
even though UM2 model can achieve acceptable results, low value of bearing angle calibrated
to the experimental results (f = 20 ©), showing that the first model presented for uncracked
concrete containing shear-off bond failure mechanism is more accurate and reliable for
predicting the bond strength of rebar in un-cracked specimens with appropriate concrete cover.

Overall, results show that that UM2 underestimate the bond strength of steel rebar in concrete

mixtures with the normalized bond strength higher than the value of 2.30 (7,4, / \/f_’c > 2.30).
The parametric study conducted in Figure 6.8 indicates that as bearing angle increases, bond
strength decreases so that bearing angle equal to the rib-face angle (f = a = 55) represents
the lowest interfacial strength, denoted as “rib sliding failure mechanism”. In this case, the
friction coefficient of the rebar-concrete interface (¢;) has no impact on the bond strength,
while ¢, has a decisive role for a lower value of bearing angle. Additionally, results show that
the effect of friction coefficient on UM1 significantly reduces for a lower value of K while the
friction coefficient has a key role in the performance of UM1 with a higher contact pressure.
Also, the results of the proposed model indicate that the reduction factor of contact pressure

(K) has a critical role in the performance of UM1.
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Calibration of key parameters required for UM1 (friction coefficient and contact pressure) for
all mixtures are summarized in Table 6.3. It can be shown that UM1 model with a higher
friction coefficient needs lower contact pressure to accurately predict the bond strength. As
reported by Dehestani et al. (2017), different interfacial properties are obtained for different
types of concrete mixtures. Although different friction coefficients have been used by the
literature, Zhao & Zhu (2018) confirmed the value of 0.45 for the static friction coefficient of
normal concrete. In this case, the reduction factor for contact pressure in UM1 model is in the
range 0.44 < K < 0.86, where lower and higher reduction factors correspond to 100S1 and

25S1A mixtures respectively.

Table 6.3 Results of UM1 for all mixtures

Best-fitted K [-]
n Reference
R 2581 | 2582 | S50S1 | 100S1 | 25S1A | 25S2A | 100S1A

(Fernandez Ruiz

0.30 et al. 2005; Zhao | - - - 0.78 0.72 - - 0.79
and Zhu 2017)

0.35 - - - - 0.65 0.60 - 0.98 0.66

0.40 - 0.89 | 0.92 - 0.56 0.50 0.98 0.84 0.56
(Baltay and

045 | gk 191077 1081 |- 048 |044 |086 | 0.74 |048
2018)

0.50 - 0.69 | 0.71 0.96 | 0.42 0.38 0.76 0.65 0.42
(Dehestani et al.

Uq 2017; Rabbat and

= 055 | Russell 1985 wa | 061 | 0.63 | 0.86 | 036 | 032 |0.68 | 058 037
and Chen 2015)

6.3.2 Pre-cracked concrete

Results of 100 pre-cracked pull-out specimens (excluding healed specimens) are summarized
in Figure 6.9 by the normalized reduced bond ratio, (7)./(7)yn, versus w/d,, ratio. Parameters

of (7). and (7),,,, corresponding to the bond properties of cracked and uncracked specimens,
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respectively. The significant impact of the pre-cracking phenomenon on average bond stress,
bond strength, and residual bond stress is clear. Results show that residual bond stress is
considerably affected by induced cracks so that even small crack widths cause more than
50.0% reduction in bond strength. However, three out of trend data is recorded for residual

bond stress with 7, > 1,,.

2.0
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=
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=
=
2 1.0 GrensfR- B m - m e m e
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05 /
g X
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Figure 6.9 Effect of the pre-cracking phenomenon on bond properties for all mixtures

The following equations are proposed for reduced bond ratio after induced crack width:

()¢ _ w2 w
< (T)u)m = 3523 (d_b> ~ 3645+ 10 6.3)
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(T)c _ w3 w2 w

<(T)un>u = 26160.4 (d_b> —1609.2 <d—b> + 1.67d—b + 1.0 (6.4)
(T)c _ w 2 w

<(T)un>r = 53374 (d_b> T A0S+ 10 (6.5)

To determine the effect of AE on the pre-cracking phenomenon, the results presented in Figure
6.9 is divided in two separate groups of mixtures with AE and mixtures without AE for average
bond stress, bond strength, and residual bond stress (Figure 6.10). Overall, trends obtained for
AE-contained mixtures show that AE causes a higher bond reduction factor, leading to being
less sensitive to the internal damages due to the pre-cracking phenomenon (Figure 6.10(a)).
Similar results are obtained for bond strength and residual bond stress (Figures 6.10(b) and
(c)). As crack width increases, this deviation increases. Proposed equations for predicting bond
reduction factors are illustrated in Figure 6.10. A comprehensive discussion regarding this

result is presented in the following subsections.

Similar to the analysis procedure used in the study carried out by Mousavi et al. (2019), the
performance of the current existing equations on predicting bond strength of cracked concrete
is illustrated in Figure 6.11. To use an equation for concrete codes, a conservative domain is
necessary for providing a safety zone. In the case of the pre-cracking phenomenon, reduced
bond ratio ((7)./(7)y,) predicted by an idealized equation should be lower than the
experimental database to provide a safe region. However, Figure 6.11 shows that the only
model presented by Eibl et al. (1999) and Idda (1999) is efficient till a crack width-to-rebar
diameter of 0.025, while a higher bond ratio is predicted by this model, which provides the

non-safety region.
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Figure 6.11 Performance of existing equations and standards for predicting bond strength

of pre-cracked concrete for both AE- and non-AE-contained mixtures

Accordingly, the present study intends to propose an efficient equation for average and bond

strengths (Figure 6.12), which are the lower bounds of the experimental database (Figure 6.9).

The effect of mixtures types is ignored in this section to present a general equation for all types

of concrete mixtures with concrete compressive strength ranging from around 21 MPa to 60

MPa. In the case of bond strength, the following equation is obtained as a best-fitted

formulation which 95.0% of the experimental database is higher than this lower bound:

w

—36.2—5—

> =e dp
u

) 000011<W)_2'1
(T)un u e db

[

( (7).
(Dun

()

w < 0.30 mm

w > 0.30 mm

(6.6)
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The efficiency of the proposed equation is shown in Figure 6.12(a) with an average correlation
of around R? = 0.97 for both sections. Variation of bond reduction due to the pre-cracking
phenomenon is higher in average bond stress compared to the bond strength (Figure 6.9).

Following the conservative equation is proposed:

(T)C B w -1.06
< (T)un>m = 0.002 (d_b> 6.7)

The performance of the proposed model is shown in Figure 6.12(b). All the 100 experimental

points have a higher reduced bond ratio than Eq. (6.7), which shows the sufficient safety region
of the proposed model. However, no efficient model is obtained for residual bond stress, as
significant bond reductions are recorded even for small crack width. As commonly bond
strength is important for design codes, Eq. (6.6) can be used instead of the current equations

for predicting bond strength of steel rebar embedded in pre-cracked concrete.
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Figure 6.12 Proposed lower bound conservative equations for pre-cracked concrete:
(a) bond strength; (b) average bond stress

The effect of AE admixture on the pre-cracking phenomenon (i.e. bond properties) is illustrated
in Figures 6.13, 6.14, and 6.15 for average bond stress, bond strength, and residual bond stress
respectively. General results of average and bond strength show that concrete mixtures

containing AE admixtures are less sensitive to the pre-cracking phenomenon, as compared to
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the non-AE mixtures. This can be attributed to the high flowability (slump flow) of AE

mixtures, which is shown in Table 6.2. Similar results are obtained for SCC as compared to

NC, which is summarized in Chapter 4.
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Figure 6.13 Effect of AE admixture on the average bond stress of pre-cracked concrete with
respect to different SAP percentages: (a) 0% SAP; (b) 0.25% SAP-1;
(c) 0.25% SAP-2; (d) 1.0% SAP-1
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Figure 6.14 Effect of AE admixture on the bond strength of pre-cracked concrete with
respect to different SAP percentages: (a) 0% SAP; (b) 0.25% SAP-1;
(c) 0.25% SAP-2; (d) 1.0% SAP-1
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Figure 6.15 Effect of AE admixture on the residual bond stress of pre-cracked concrete with
respect to different SAP percentages: (a) 0% SAP; (b) 0.25% SAP-1;

(c) 0.25% SAP-2; (d) 1.0% SAP-1

6.3.3 Healed concrete

An improvement factor (IF) is defined in this section by Eq. (6.8) to measure the performance

of SAP and AE for healing cracks at the rebar-concrete interface in different mixtures. As IF

increases, the healing efficiency of the mixture increases. Zero value of IF corresponds to the

specimens with lower or comparable bond properties than the cracked specimen with constant
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crack width (Tyeqiea < Trrecrackea)> While IF > 0 represents the healed specimens with
higher bond properties as compared to those of pre-cracked specimens (Tyeqieqa >
Tprecracked)- 1t 18 necessary to emphasize that due to the brittle nature of concrete in tension,
different crack widths are obtained by splitting tests. Hence, to compare bond results of healed
specimens with cracked ones, bond reduction-crack width curves are used to predict bond
properties of cracked specimens, in the case that different cracks are generated. Examples of

these curves are presented in Figure 5.16 (Chapter 5) and Figure 6.10.

IF = THealed — TPrecracked x 100 (6.8)

Tuncracked — TPrecracked

A total number of 63 healed specimens for 14- and 28-day healing periods (in the water tank)
are tested in the present study. All results are summarized in Table 6.4 for average bond stress,
bond strength, and residual bond stress. Similar to the cracked specimens (Figure 6.9), crack
widths of 0.15 mm < w < 0.40 mm are considered in the healed specimens. The designation
of specimens is as follows: first character in specimen identification describes mixture type
including R=reference; RA2=reference mix with AE admixture; 25S1=0.25% SAP-1;
2552=0.25% SAP-2; 50S1=0.5% SAP-1; 100S1=1.0% SAP-1; 25S1A=0.25% SAP-1 with AE
admixture; 25S2A=0.25% SAP-2 with AE admixture; and 100S1A=1.0% SAP-1 with AE
admixture. The second character shows an initial crack width before healing; For instance,
C0.3= crack width of 0.30 mm. The last character determines the healing period so that 14H
and 28H show specimens after 14- and 28-day healing periods respectively. Also, the number

of repetitions (n) for each category is mentioned in Table 6.4.



Table 6.4 Healing improvement factors of bond properties

Specimens IF of T,,, (%) | IF of T, (%) IF of 7, (%)
2.73 0 0.15
RCO0.3-14H 0 0 6.30
0 0 4.81
37.01 6.18 2.16
RC0.3-28H 15.49 0 10.22
13.57 0.24 0
RC0.4-28H 8.40 5.69 11.47
RA2C0.35-14H 0 0 0
RA2CO0.15-14H 0 0 1.25
0 0 1.08
RA2C0.2-14H 0 0 503
0 25.77 18.15
25S81C0.3-14H 230 o 6.09
0 0 0
2581C0.4-14H 0 0 0
0 32.72 8.23
2581C0.3-28H 16.96 8.76 15.11
6.23 7.13 12.01
2551C0.4-28H 0 7.97 0
2582C0.2-14H 0 0 0
0.23 0 0
0.93 6.87 0
2582C0.3-14H 0 604 0
0.07 11.42 0
2582C0.3-28H 0 1133 0
2552C0.35-28H 0 20.6 0
4.37 27.48 61.29
50S1C0.3-14H N o 2637
9.82 21.03 0
50S1C0.3-28H 14.50 32.23 0
2.49 36.28 0
0 0 0
100S1C0.3-14H 0.68 23.27 21.14
8.25 39.45 0
21.96 41.01 29.53
100S1C0.3-28H 2.38 22.64 69.86
8.02 11.73 28.99
25S1AC0.2-14H 0 12.80 0
25S1AC0.25-14H 0 57.97 0
25S1AC0.3-14H 9.92 7.32 0
51.08 22.79 0
17.01 4.57 0
25S1AC0.3-28H 21.49 5.61 3.16
12.20 23.23 7.82
0 0 0
0 0 0
2582AC0.2-14H 0 0 0
0 0 0
1.03 3.61 12.44
2582AC0.3-28H 24.07 23.34 7.61
16.19 4.70 5.75

221
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Table 6.4 Healing improvement factors of bond properties (continued)

Specimens IF of 7,,, (%) | IF of 7, (%) IF of 7,. (%) n

27.81 17.33 7.31

2552AC04-28H 18.16 25.98 14.85 2
12.10 18.94 8.92

2582AC0.25-28H 1166 568 0 2

2582AC0.2-28H 10.29 4.18 0 1
0 0 0

100S1ACO0.15-14H 100.31 30.93 356.14 3
0 45.46 303.29
0 0 124.74
321.39 164.36 0

100S1ACO.15-28H 167.52 145.18 372.76 4
121.46 136.67 386.55

All specimens - - - 63

Range (%) 0-321.39 0-164.36 0-386-55 -

Average IF (%) 18.70 20.77 31.23 -

Improvement factor for average bond stress (IF;, ) with a determined standard deviation (SD)
is illustrated in Figure 6.16 for all mixtures. Considerable healing of 0.15 mm crack widths
after 28-day healing periods by 100S1A mixture is clearly depicted in Figure 6.16, which is
higher than 100% (IF,.=152.6%). However, a high SD is obtained for this case. In this field,
the reference mixture improved the average bond stress (t,,) by 22.0% and 8.4% for crack
widths of 0.30 mm and 0.40 mm, respectively. Moreover, mixtures of 25S1, 50S1, 100S1,
25S1A, and 2582A improved self-healing capacity up to IF, < 25.4% for average bond

stress.
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Figure 6.16 Determination of IF for average bond stress

Results of bond strength are more important as compared to other results, as this parameter
affects directly structural and anchorage capacity. Similar to the average bond stress, concrete
mixtures containing 1.0% SAP (100S1A and 100S1A) have significant improvement factor of
bond strength (Figure 6.17). General results of IF;  indicate that a reference mixture without a
healing agent has a low improvement factor (5.7%), as compared to SAP mixtures. In this field,
mixtures of 2581, 50S1, 25S1A, and 25S2A show IF; < 58.0%. It is clearly observed that
SAP has areal potential of self-healing capacity and mitigating damage due to the pre-cracking

phenomenon at the rebar-concrete interface.
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Figure 6.17 Determination of IF for bond strength

Similar results of residual bond stress healing (/F; ) are obtained for mixtures of 50S1, 100S1,

and 100S1A (Figure 6.18). Compared to the bond strength and average bond stress, a lower

improvement factor is observed for residual bond stress of other mixtures. The general trend

observed in Figures 6.16-6.18 shows that SAP has considerable influences on healing cracks

for mitigating damages, especially for mixtures of 50S1, 100S1, and 100S1A.
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Figure 6.18 Determination of IF for residual bond stress

Bond-slip curves of 100S1A mixtures are illustrated in Figure 6.19 for the cracked and the
healed specimens. As mentioned in Table 6.4, due to the low tensile strength of mixtures
containing 1.0% SAP and AE, crack width of 0.15 mm is considered in the splitting test for
this type of mixture. Pull-out failure modes are observed for this small crack width, which is
obvious from the bond-slip curves, where no sudden drop presence after the maximum bond
stress (Figure 6.19(a)). Results show that the bond strength is considerably increased after both
14- and 28-day healing periods (Figure 6.19(b)). Moreover, slip corresponds to the maximum
bond stress is also increased along with strength recovery. Initial ascending parts of the bond-

slip curve for different specimens are shown in Figure 6.19(c). Results show that the healed
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specimens have higher initial stiffness as compared to the cracked specimens. A similar
observation is achieved for the residual bond stress (Figure 6.19(d)). Energy absorbed
(dissipated) by bond mechanism is also measured by the area under the bond-slip curve up to
the slip of 10 mm, which is illustrated in Figure 6.19(¢). Results show that the self-healing
method by 1.0% SAP significantly increased the absorbed energy, as compared to the cracked
specimens. Overall, results show that a crack width of 0.15 mm can be mostly recovered by

1.0% SAP and AE.

Bond-slip curves of 25S1A mixtures are illustrated in Figure 6.20 for cracked and healed
specimens. Crack widths of 0.20, 0.25, and 0.30 mm are generated in the splitting test for this
type of mixture. Splitting failure modes are observed for these crack widths. Sudden drops in
the bond-slip curves are obtained for cracked specimens (Figure 6.20(a)). Scattering results are
obtained for this type of mixture with a low dosage of 0.25% SAP. Results clearly show that
the 14-day healing period is not enough to recover bond properties. As shown in Figure 6.20(b),
higher bond strength is obtained for the healed specimens with crack widths of 0.30 mm after
28-day healing periods. Healed specimens have higher initial stiffness of bond-slip curves, as
compared with cracked specimens (Figure 6.20(c)). However, there are no promising results
for residual bond stress of mixtures containing 0.25% SAP with AE (Figure 6.20(d)), which is
different from 1.0%SAP mixtures (Figure 6.19(d). Absorbed energy (dissipated) by the bond
mechanism in 25S1A mixture is significantly affected b 28-day healing periods so that even
higher area is observed as compared with uncracked specimens (Figure 6.20(e)). However,
splitting failure modes are observed for all healed specimens. Overall, results indicate that

healing specimens cannot change the failure mode.
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Figure 6.20 Results of 25S1A mixtures: (a) bond-slip curves; (b) bond strength;
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Bond-slip curves of 25S2A mixtures are illustrated in Figure 6.21 for cracked and healed
specimens. Crack widths of 0.20-0.40 mm are generated in the splitting test for this type of
mixture. Splitting failure modes are observed for these crack widths. Sudden drops in the bond-
slip curves are observed for cracked specimens (Figure 6.21(a)). For crack width of 0.30 mm,
results for 28-day healing periods show higher bond strength as compared to the cracked
specimens (Figure 6.21(b)). Also, two cracked specimens with w = 0.40 mm are considered
for 28-day healing periods. As there are no cracked specimens with this width to compare the
results, a bond reduction trend is used similar to the approach followed by Figure 6.9 and
Figure 6.10. The results are summarized in Table 6.4. General results of the initial stiffness
(slop) of bond-slip curve show that healed specimens have slightly higher slop as compared to
the cracked specimens, while the trend is weaker for 0.25% SAP (Figure 6.21(c)) than 1.0%
SAP (Figure 6.19(c)). This may be attributed to the small crack width generated (by splitting
test) for 1.0% SAP. Similar to 25SAP1A mixture, there is no clear trend for residual bond
stress in 25SAP2A mixture (Figure 6.19(d)). Despite the previous mixture containing SAP and
AE, 25SAP2A mixture could not drastically improve the absorbed energy, especially for crack
width of 0.25 mm (Figure 6.21(e)). Close photos of the healed specimens are shown in Figures
6.22 and 6.23 (white crystals). Scanning electron microscopy/energy dispersive X-ray
spectrometry (SEM/EDS) microanalysis method is conducted to identify and quantify all
elements of healed products. A considerable amount of calcium deposits are mostly abundant
close and at crack lips, which may be an illustration of calcium carbonate precipitation for
healing cracks (Figure 6.22). SEM/EDS results of one sample are illustrated in Figure 6.24,
while more samples are shown in APPENDIX III (see pages 308-311). To compare the results
of SEM/EDS analysis between healing products obtained from internal and external surfaces
of cracks, 16 samples are provided, which is illustrated in Table APPENDIX III.1 (see page
312). The summary of the results is shown in Figure 6.25. Results indicate that healing
products at the external surfaces of cracks have a considerably lower content of calcium (Ca),
as compared to the internal ones. However, higher content of oxygen (O), carbon (C), and
especially magnesium (Mg) are observed for external healing products, as compared to the
internal ones. Snoeck et al. (2014) have reported that the external healing products consist of

CaCOs3 and washed out hydration products. However, there is no accurate description of the



230

differences between elements of the internal and the external products, which is shown by the

present study (Figure 6.25).
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Figure 6.21 Results of 25S2A mixtures: (a) bond-slip curves; (b) bond strength;
(c) initial bond stiffness; (d) residual bond stress; (¢) energy absorbed by bond
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Figure 6.22 Self-healing (and/or sealing) products on crack surface after wet-dry cycles:

(a) 25S1; (b) 25S2; (c) 25S2A; (d) 50S1; (e) 100S1; (f) 100SIA
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Figure 6.23 Healing products at the external crack surface of pull-out specimens of
SAP-based NC mixtures with and without AE
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Figure 6.24 SEM image analysis of healed products at the external lip of cracks
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Figure 6.25 Comparison of mass percentage of elements found in the healing products at the
internal and external surfaces of cracks

At the end of this section, different healing (or sealing) products, as compared to before starting
healing periods, are illustrated. Disk-shaped specimens are prepared to capture the healing
products. Specimens of SAP-2 and SAP-2+AE are considered in this section for Figures 6.26
to 6.33.

2000 pm
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Figure 6.26 Pre-cracked specimens before and after healing periods (0.25SAP2+AE)
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Figure 6.28 Pre-cracked specimens before and after healing periods (0.25SAP2+AE)
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Figure 6.29 Pre-cracked specimens before and after healing periods (0.25SAP2+AE)
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Figure 6.30 Pre-cracked specimens before and after healing periods (0.25SAP2+AE)
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Figure 6.31 Pre-cracked specimens before and after healing periods (0.25SAP2+AE)
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Figure 6.32 Pre-cracked specimens before and after healing periods (0.25SAP2)
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Figure 6.33 Pre-cracked specimens before and after healing periods (0.25SAP2)

6.4 Statistical analysis of healing improvement factor (IF)

After presenting and discussing results of the self-healing method for non-AE and AE concrete
in Chapter 5 and 6 respectively, this section intends to perform a comprehensive statistical
analysis to find out (1) the most important parameter affecting the self-healing results; (2)
interaction plots of improvement factors with respect to different key variables. To follow this
statistical approach, two statistical software of “Minitab” and “Statistica” are used. Crack
width (w), healing period (H), SAP percentage, SAP type, and AE percentage are the main
variables considered for the input of analysis. Improvement factors of maximum (/F,), average
(IF,,), and residual (I/F,.) bond strength are the output results. Additionally, the average values
of these three improvement factors (IF,,.) is also considered in the analysis. Analysis of
variance is conducted to explain the interaction between variables and also output. ANOVA
results clearly confirm the significant impact of SAP percentage on self-healing performance.
Statistical results indicate that as crack with increases, efficiency of the self-healing method at
the rebar-concrete interface decreases. Results also show that 28-day healing periods are more
effective than 14-day healing periods. Finally, a multilinear regression model is presented to

formulate average improvement factor (IF,,,.) as a function of the healing period, SAP% and
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AE percentage. However, due to the unclear trend of the effect of SAP type, this parameter is

ignored in the model.

6.4.1 Main effects by ANOVA method in Minitab 17

As mentioned in the present and previous Chapters, the number of 193 specimens are tested in
the present study to determine the efficiency of the proposed approach of mitigating rebar-
concrete damages due to the pre-cracking phenomenon using SAP. Different parameters of
concrete type, crack width, healing period, SAP dosage, SAP type, and AE admixture are
considered in the previous sections. To present the general trend observed in this experimental
investigation, analysis of variance (ANOVA) by statistical software of Minitab (Minitab, 2014)

is used in the present section. Healing improvement factors of average bond stress (/F;, ), bond
strength (IF;), and residual bond stress (/F; ) are considered as output parameters (Figure

6.34). Average value of these improvement factors is also measured (IF,,,).

Figure 6.34 Schematic representation of input variables and output
parameters for ANOVA analysis
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Results of ANOVA for the average improvement factor (/F,,,.) is shown in Table 6.5. Results
show that crack width (w) has the most significant influence on the self-healing performance
of mixtures, as compared to other variables, with the lowest P-value of 0.003. While high P-
value of 0.509 for AE shows the low influence of this parameter on the average improvement
factor. Moreover, ANOVA could not obtain any value for SAP size. Residual plot for average

IF is shown in Figure APPENDIX V.1 (see page 314).

Table 6.5 Summary of analysis of variance (ANOVA) for IF,,,,

Source DF Adj SS Adj MS F-Value P-Value
w 5 20548 4109.5 4.06 0.003
H 1 3062 3061.7 3.02 0.088
SAP% 3 5366 1788.6 1.77 0.165
SAP size - - - - -
AE 1 448 447.7 0.44 0.509
Model Summary
S R-sq R-sq(adj) R-sq(pred)
31.8173 62.67% 55.49% 45.18%

The main effects of variables obtained by ANOVA are illustrated in Figure 6.35 for average
bond stress, bond strength, and residual bond stress improvement factor. Moreover, the average
values of theses improvement factors are also measured and compared. Results indicate that
crack width smaller than 0.20 mm is fully recovered by wet-dry healing cycles (higher than
50%), while there is around 20% to 25% IF for w > 0.20 mm (Figure 6.35(a)). A similar range
of around 0.14 mm is reported by Snoeck et al. (2014) to completely seal cracks by SAP.
Regarding healing periods, ANOVA results show that an average value of 20% is obtained for
14-day wet-dry cycles, while the average value of 35% is obtained for 28-day wet-dry cycles
(Figure 6.35(b)). As the healing period increases, enough time is available to provide more
CaCOs participation at crack surfaces, which is similarly reported by Snoeck et al. (2018, 2019)
(Snoeck, 2018; Snoeck & De Belie, 2019). The effect of SAP size (and type) on healing
improvement factors is shown in Figure 6.35(c). The analysis shows that SAP with larger size

(0.50 mm, SAP-1) has considerably higher improvement factor as compared to the smaller
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SAP (0.15 mm, SAP-2). As comprehensively discussed in Chapter 5, concrete containing SAP-
1 generates larger macro voids as compared to SAP-2 (Figure 5.8 in Chapter 5), which may
provide more possibility to pass the crack line. However, there is no fact regarding this
difference in the literature. Different chemistry types of SAP used may affect the obtained
results. The effect of AE admixture on the self-healing capacity of concrete is illustrated in

Figure 6.35(d).
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Figure 6.35 Main effects plot obtained by ANOVA with respect to: (a) crack width;
(b) healing period; (c) SAP size; (d) AE dosage; (e) SAP percentage
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Results show that AE admixture has considerable influences on self-healing capacity so that
improvement factor higher than 60% is obtained for the maximum improvement factor of AE
mixtures. Figure 6.35(e) shows that SAP percentage has considerable influence on
improvement factors. Although NC without SAP obtained less than 10% IF, SAP concrete
mixtures have a range of 20% < IF < 150% for 1.0% SAP. Average improvement factor
(IF,ye) has a range 60%-90% for 1.0% SAP percentage. Regarding NC without SAP, IF, has
the lowest value among the improvement factors, while this parameter is increased for 0.25%
and 0.50% SAP (Figure 6.35(e)). However, in the case of 1.0% SAP which small crack widths
are tested, still lower healing capacity is observed as compared to other improvement factors.
Moreover, results show that 28-day healing period is enough for regaining residual bond stress,
as compared to the bond strength. It seems that more healing periods are necessary to regain

bond strength after the pre-cracking phenomenon.

6.4.1.1 Influence of crack width by ANOVA

Interaction plots of average improvement factor (/F,,,.) with respect to crack width is shown
in Figure 6.36. Results indicate that higher dosage of SAP has a positive impact on [F,,,,
especially 0.5% and 1.0% SAP (Figure 6.36(a)). Figure 6.36(b) shows that SAP-1 has better
performance as compared to SAP-2 for w < 0.30 mm. AE admixture has a considerable
impact on average improvement factor after healing periods even for crack width of 0.40 mm
(Figure 6.36(c)). The 28-day healing period is more efficient as compared to the 14-day healing
period for all crack widths (Figure 6.36(d)).
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Figure 6.36 Interaction plots of improvement factors with respect to crack width:

(a) w versus SAP%; (b) w versus SAP type; (c) w versus AE; (d) w versus healing period

6.4.1.2 Influence of the healing period by ANOVA

Interaction plots of average improvement factor (IF,,.) with respect to the healing period is
shown in Figure 6.37. Results indicate that the self-healing capacity of mixtures containing
1.0% SAP considerably increases after 28 days. However, a longer healing period is necessary

for a lower dosage of SAP (Figure 6.37(a)). Considerable healing results are obtained for

mixtures containing AE admixture after 28-day healing periods (Figure 6.37(b)). Self-healing
capacity is higher for SAP-1 modified concrete as compared to SAP-1, especially for smaller
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crack widths (Figure 6.37(c and d). Interval plots are shown in Figure APPENDIX V.2 (see

page 315) to confirm the general results of this section.
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Figure 6.37 Interaction plots of improvement factors with respect to healing period:
(a) H versus SAP%; (b) H versus AE; (c) H versus SAP type; (d) H versus crack width

6.4.1.3 Influence of AE admixture by ANOVA

Figure 6.38 clearly confirms the results of the previous subsection regarding AE admixtures.
Results indicate that AE admixture has a positive impact on self-healing capacity for both
dosages of 0.25% and 1.0% SAP. About the mean value of 40% IF is recorded for AE-
contained mixtures (Figure 6.38). This impact is higher for residual bond stress as compared

to the bond strength.
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Figure 6.38 Influence of AE admixture based on ANOVA:
(a) interaction plot with respect to SAP%; (b) interval plot of IFw; (c) interval plot of IFu;
(d) interval plot of average improvement factor (IFave)

6.4.1.4 Influence of the SAP percentage

Figure 6.39 clearly confirms the results of the previous subsection regarding SAP percentage.
Results indicate that a higher dosage of SAP has a significant impact on self-healing capacity,

especially after 28-day healing periods and in concrete containing AE admixture.
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Figure 6.39 Influence of SAP percentage based on ANOVA:
(a) interaction plot with respect to AE; (b) interaction plot with respect to healing period;
(c) interval plot of [Fy

6.4.1.5 Influence of the SAP size (or type)

Statistical results show that SAP-1 (0.50 mm size) has a higher influence on self-healing
capacity as compared to SAP-2 (0.15 mm), especially for AE-contained mixtures (Figure
6.40(a)). Moreover, the effect of the healing period is more important for SAP-1 modified

concrete mixtures (Figure 6.40(b)). General results confirm that SAP-1 is more efficient for
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use as a healing agent, even for uncracked, pre-cracked, and healed concrete. Details of this

observation are comprehensively presented in Chapter 5.
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Figure 6.40 Influence of SAP size based on ANOVA:
(a) interaction plot with respect to AE; (b) interaction plot with respect to healing period;
(c) interval plot of IFy; (d) interval plot of [Fave

6.4.2 Multilinear regression results by STATISTICA

Based on statistical results obtained in the previous subsections, this section intends to propose

a statistical equation to predict average improvement factor (IF,,.). Similar to the ANOVA
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method summarized in Table 6.6, the multilinear regression model by STATISTICA software
(STATISTICA, 2011) shows that crack width plays a critical role in the self-healing method
which has severally confirmed by Snoeck et al. (2014, 2019) (Snoeck & De Belie, 2019;
Snoeck et al., 2014). Moreover, SAP% and the healing period have considerable effects on
average improvement factors (Table 6.6). However, SAP size has the lowest impact on IF,,,

as compared to other variables. Hence, the proposed model ignore this parameter.

Table 6.6 Summary of multilinear regression for IF,,,

Source P-Value

w 0.014763

H 0.059884

SAP% 0.001885

SAP size 0.906894

AE 0.125392

Model Summary

R-sq R-sq(adj)

51.0% 46.0%

Finally, the statistical equation of Eq. (6.9) is obtained to predict average improvement factor

(IF,,e), as follows:

IF,pe = —0.30 + 0.18H + 0.46SAP% + 0.17AE (6.9)

where H is the healing period, SAP% is polymer percentage replacement by cement weight,
and AE is AE percentage replacement by cement weight. Performance of Eq. (6.9) is shown in
Figure APPENDIX V.3 (see page 316). Based on the extensive experimental tests and various
parameters, an acceptable correlation is obtained (R? = 0.51) which is summarized in Table
6.6. To cross-check the results obtained by the ANOVA method in Minitab, the results of
predicted trends obtained by the multilinear regression model in STATISTICA software are
illustrated in Figure APPENDIX V.4 (see page 317) for all variables. Figure APPENDIX

V.4(a) shows that the statistical trend confirms the positive impact of SAP percentage on the
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self-healing capacity of concrete. Figure APPENDIX V.4(b) shows the importance of crack
width on the healing process. So, microfibers or transverse reinforcement is necessary for
regions exposed to the pre-cracking phenomenon so that the self-healing method can
practically heal cracks. It is essential to mention here that simulating induced cracks by
splitting tests are done based on the tensile strength of every mixture. On the other hand, some
difficulties in the pre-cracking tests made it difficult to have various crack widths for every
mixture. Based on these difficulties, the displacement rate of 0.11-0.15 mm/min is applied to
the splitting device. Although Figure APPENDIX V.4(c) shows a positive impact on healing
periods on the self-healing capacity of concrete, this figure cannot accurately shows the impact
of healing periods, as different mixtures using different variables. P-value mentioned in Tables
6.5 and 6.6 can illustrate this influence. Figure APPENDIX V.4(d) shows a considerable
impact of AE on the self-healing capacity of concrete. More experimental tests are necessary
for the field of “healing chemistry” to clarify the main reason for the phenomenon. These
promising results can be so interesting for the cold region, in which using AE is essential for

concrete mixtures.

6.5 Discussion of the results

As mentioned in the previous sections, SAP percentage, AE, and healing periods have
considerable impacts on the crack-healing at the rebar-concrete interface, which is summarized
in Eq. (6.9). This section intends to explain the main reasons for these findings by using Buffon
needle problem and the probability of crack-hitting by SAP particles (Figure 6.41). Buffon’s
problem considers a grid of parallel lines with spacing C and a needle length of d. When the
needle is dropped “at random”, so that its position and orientation are random (Chung, 1981),
the needle intersects at least one line of the grid by the probability of Py (Lin et al., 2018).
Regarding SAP-modified concrete, we assume that SAP particles are randomly dispersed in
the concrete mixture. As shown in Figure 6.41, crack pattern is constant in the case of the pre-
cracking phenomenon. The process of tossing SAP onto the crack network generates two
scenarios including: (1) SAP particles intersecting the cracks; (2) SAP are far from the crack

edges. Hence, these scenarios reminds the “Buffon needle problem”.
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Figure 6.41 Crack-hitting probabilities in the pre-cracked concrete containing SAP:
(a) practical case of pre-cracking phenomenon (Dawood & Marzouk, 2012; Rehm et al., 1978);
(b) existence of Ca(OH)2 around rebar for increasing the probability of crack healing;
(c) application of Buffon needle problem in crack intersection by SAP particles

For SAP particles, if there are N SAP particles and the crack-hitting probabilities by the SAP
(P) are considered the same, the random variable X meaning the total number of intersection

in the area, and the mean of X, denoted as E(X), can be given by Lin et al. (2018):

E(X) = N X Py (6.10)

If each SAP has the ability to repair cracks of length equal to the threshold Lj,,.,;, the expected
length of repairing the crack by N number of SAP can be written by Lj.,; X E(X). The total
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length of cracks in the material is L. If those cracks can be completely healed, the following

formulation should be fulfilled:
Lpeas X E(X) = Ly (6.11)

Hence, using Eq. (6.10) into Eq. (6.11), healing capacity of SAP intersected the crack lines
(Ly) can be given by Lin et al. (2018):

LH :LhealXNA XATXPT (612)

where N, is the ratio of N/A;. Regarding Py of buffon needle, several studies reported Eq.
(6.13) (Chung 1981; Johannesen 2008):

2

P = —
™ rc

(6.13)
where C is the distance between cracks and [ is the maximum dimension of SAP particles
around the rebar. As showed in Figure 5.23(a) (Chapter 5), this length is between 1.88 mm to
2.78 mm for 0.25% and 1.0% SAP respectively. Higher values for higher SAP% can be
attributed to the accumulation of SAP which is similar to higher dosages of nanoparticles.

Finally, results of the present chapter can be justified by Eq. (6.12), as follows:

a)  Higher SAP percentage causes a considerable impact on the healing improvement factor.
This can be related to the parameter of N X Pr. By increasing the SAP percentage, the
Intersection probability of crack-hitting will be increased so that it causes higher healing

possibilities at the rebar-concrete interface.

b)  Statistical results indicate that 28-day healing periods are more efficient as compared to
the 14-day healing periods. This can be attributed to the Lj,,;. Additionally, as crack width
increases, self-healing capacity decreases which similarly can affect the Lj,,;. There is no

specific research on studying the expected crack-repairing length by each SAP particle.
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Regarding the pre-cracked concrete surrounding the rebar, there are two main potential zones

including (1) zone I around the rebar with a distance of w/2; and (2) zone II far from the rebar

as compared to zone I (Figure 6.42). Zone I is more dominant for starting the healing process

due to the existence of the calcite layer around the rebar, which is essential for CaCOs3

precipitation as follows:

CaO + H,0 - Ca(OH), pH = 12.4

Ca(OH), + CO, 2 CaC0O5 + H,0 pH = 9.4

(6.14)

(6.15)

Crack width (w)

Zone II of healing

w/2

Zone I of healing

Ca(0H),

Zone II of healing

Figure 6.42 Schematic representation of different potential zones for healing
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Many studies reported the enriched quantity of calcium hydroxide at the rebar-concrete
interface, as compared to the bulk cement paste (Al Khalaf & Page, 1979; Chen et al., 2019;
Horne et al., 2007; Page, 1975; Page & Treadaway, 1982; Sagoe-Crentsil & Glasser, 1990;
Yue & Shuguang, 2001; Zayed, 1991), observed by the SEM images as well as the EDS
analysis (Arya et al., 2019). To explain this phenomenon, Moreau (1973) reported that the
cement particles inclined to separate from the matrix, generating a slender zone around the
rebar with fewer cement particles and thus more water. This provides a layer in which Ca?*
ions can diffuse from outside the interface region, resulting in the formation of the considerable
content of calcium hydroxide (Moreau, 1973). As shown in Figure 6.42, the domain of zone II
is determined by ad,. This distance is a controlled zone in which concrete cover has a
considerable impact on bond strength and failure modes. For concrete without stirrups, the
limiting value is reached when c/d;, > 3.0 (Wu & Zhao, 2012), while for concrete with a
0.4f'. lateral pressure, the normalized ratio T, 4,/ \/f_'c tends to stop increasing after c¢/d;, >
2.0 (Walker et al., 1997). Finally, the present chapter suggests the simplified following
equations for the first potential healing volume around the rebar (Zone I), and the second

scenario which is the developed version of the first scenario (zone I and zone II):

(Vhealed)zonel = 3.93wd,, [Zdb + W] (6.16)
(Vhealed)zone I+zone 11 = SWd [5-57db —0.21w] (6.17)
(Vhealed)zone I+zone Il > (Vhealed)zonel (6-18)

(Vheated) zone 1 COTTEsponds to the concrete mixtures with medium healing improvement factor,
while (Vyeaied) zone 1+zone 11 €Orresponds to a high healing improvement factor. For instance,
for rebar diameter of 10 mm and crack width of 0.20 mm, values of 158.77 mm?® and 556.58
mm? are obtained for (Viegiea)zone 1 a0 (Vhealed) zone 1+zone 11 TeSpectively. As shown in

samples after healing periods in Figure 7.43, white powders around the rebar and also at rebar
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rib places are clear and the content is higher than the bulk matrix. This can clearly confirm the
hypothesis presented in Figure 6.42, in which healing probability at Zone I is higher as

compared to Zone II.

Figure 6.43 Healed products (white powder) content around the rebar as compared to the
bulk matrix (AE concrete containing 0.25% SAP)

C) Regarding AE, the statistical results of the present chapter indicated that AE admixture
has a positive impact on the healing improvement factor at the rebar-concrete interface. As
shown in Figure 6.44, AE admixture provides a pore network in the matrix, which makes it
easy to transfer water between SAP particles. This clearly increases the parameter Ly, in the
Eq. (6.12). The distribution of SAP particles along with AE pores is illustrated in Figures 6.45

and 6.46 for pre-cracked and healed samples, respectively.
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Figure 6.44 Schematic representation of the internal pore network for water transfer
in self-healing method of SAP concrete containing AE admixture

It is worth mentioning that the present study is only an initial effort to determine the effect of
AE admixture on the self-healing method at the rebar-concrete interface. Obviously, more
research is needed to understand the optimum structure of the bubble network (volume and
spacing) for different dosages of AE admixture and SAP. Moreover, different types of SAP
(varied chemical composition) with different water absorptions are necessary to be tested for
obtaining optimum SAP+AE-contained concrete. Furthermore, as mentioned in Eq. (6.12),
results showed that Lj,,,; of SAP concrete can be improved by the AE network. However, more

studies are needed to quantify this parameter as a function of SAP percentage and AE dosage.
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Figure 6.45 Distribution of SAP and AE pores around the crack path
(0.25SAP2AE-unhealed)

<2 2000 pm : i | i - 2000 pm

Figure 6.46 Distribution of SAP and AE pores around the crack path
(1.00SAP1AE-healed)
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Summary and concluding remarks

This study evaluates the effect of air-entraining admixture on interfacial properties between

the steel rebar and un-cracked, pre-cracked, and healed concrete by extensive experimental

tests. A comparison study is conducted between AE and non-AE concrete. Two dosages of

0.25% and 1.0% SAP and one dosage of 0.21% AE are considered for the experimental

program. Additionally, a statistical approach is performed to comprehensively analyze the

results. The following critical concluding remarks are drawn from the experimental and

statistical results:

The optimum dosage of 0.25% SAP is obtained for both AE and non-AE mixtures.

AE admixture is more adaptable with SAP-1 as compared to SAP-2 for uncracked
specimens so that AE concrete mixtures containing both 0.25% and 1.0% SAP-1 have
similar normalized maximum and residual bond stress, and even higher average bond
stress, as compared to the non-AE mixtures.

Results of uncracked specimens show that SAP type has a significant impact on porosity
patterns of AE and non-AE mixtures so that there are some conflicting results between
compressive strength results and bond strength results.

Overall, the results of the pre-cracked specimens show that the pre-cracking phenomenon
has higher and more impacts on residual bond stress, as compared to the bond strength.
AE concrete mixtures are less sensitive to the pre-cracking phenomenon, as compared to
the non-AE mixtures.

Results of the healed specimens show that SAP can improve the self-healing capacity of
AE concrete for mitigating damages at the rebar-concrete interface.

SEM results show that healing products at the external surface of crack have a considerable
content of calcium (Ca), while the content is lower than the internal surfaces of cracks.

It can be deduced from both experimental and statistical results that AE admixture can
provide a stabilized bubble network along with SAP locations for improving the self-

healing method.
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Abstract

Accelerated self-healing of concrete is used in the present study, by adding superabsorbent
polymer (SAP) to concrete mixtures, to present an efficient approach for mitigating damages
between steel rebar and self-consolidating concrete (SCC). Two different healing regimes of
14 and 28-day healing periods are considered for the experimental program. Initial bond stress,
average bond stress, bond strength, and residual bond stress are considered for evaluating the
results in three conditions of uncracked, pre-cracked, and healed specimens. Regarding the
healed specimens, an improvement factor of bond strength healing is defined and studied.
Additionally, a comparison study is conducted between the results for normal concrete (NC)
and those for SCC mixtures. Two SAPs with different particle sizes and chemical compositions
are considered in the experimental program. Results show that despite the higher reduction
effect of SAP with smaller particle size on compressive strength, SCC containing this type of
SAP has the highest bond strength in uncracked specimens, as compared to SAP with larger
particle size, for both SAP-modified NC and SCC mixtures. Moreover, regarding the healed
specimens, results show that SCC and NC containing SAP considerably have higher healing

improvement factors for large crack widths (w = 0.30 mm) as compared to mixtures without
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polymers so that almost 46%, 30%, and 24% healing improvement factors are obtained for
average bond stress, bond strength, and residual bond stress of SAP-contained mixtures
respectively. Although mixtures without polymer show very little improvement factor for large
crack widths, complete strength recovery (100% healing improvement factor) is obtained for

SCC mixture with w = 0.10 mm, exposed to 28-day healing periods.

Keywords: bond strength; superabsorbent polymer (SAP); self-consolidating concrete; self-

healing

7.1 Introduction

In recent years, there is a growing interest in studying the influence of cracked concrete on
bond characteristics of reinforcing bar (rebar) in reinforced concrete (RC) structures. Pre-
cracking phenomenon, propagating cracks parallel to the rebar direction, cause a considerable
reduction in bond strength of steel rebar in normal concrete (NC) (Brantschen et al., 2016;
Mahrenholtz, 2012; Mousavi et al., 2019). Moreover, only NC was considered in their
researches so that there is no specific study on the effect of the pre-cracking phenomenon in
different types of concrete mixtures such as self-consolidating concrete (SCC). Additionally,
very few studies concentrated on finding a practical solution to mitigate damages due to the
pre-cracking phenomenon. In this context, Mousavi et al. (2019) used superabsorbent polymers
(SAP) in NC mixtures (denoted as NCSAP), as a healing agent. They obtained promising
results for healing cracks at the steel rebar—concrete interface after exposure to the pre-cracking
phenomenon by promising healing improvement factor in NCSAP mixtures as compared to
NC without polymers. However, more experimental studies are necessary to determine the
effect of SAP on bond characteristics of uncracked and cracked specimens in different types
of concrete mixtures. Hence, the present study intends to study the effect of the pre-cracking
phenomenon in SCC mixtures as compared to NC. Also, different types of SAPs are used in
SCC mixtures, denoted as SCCSAP mixtures, to mitigate damages by the self-healing method.
Regarding SCC mixture containing SAP, most of the previous researches only focused on

autogenous shrinkage (Han et al., 2014; Mechtcherine et al., 2006; Shi et al., 2016), drying
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shrinkage (Han et al., 2014), fresh properties and passing ability (AzariJafari et al., 2016),
tensile strength (Al-Hubboubi et al., 2018; Mechtcherine et al., 2006), compressive strength
(Al-Hubboubi et al., 2018; Alex, 2019; AzariJafari et al., 2016; Baloch et al., 2019; Han et al.,
2014; Mechtcherine et al., 2006), chloride ion permeability (Shi et al., 2016), and self-sealing
and —healing cracks (Van Tittelboom et al., 2016). However, there is no specific research on
the effect of SAP on interfacial properties between steel rebar and uncracked SCC specimens.
As compressive strength is a crucial parameter in the bond-slip phenomenon, previous results
of compressive strength of SCC mixtures containing SAP can be interesting and considerable.
Generally, SAP has two main influences on the microstructure of concrete mixtures including
(1) it develops the hydration reaction by internal curing, which causes strength improvement,
and (2) it generates macro voids (pores) in the mixtures causing a considerable increase and
reduction in the porosity and strength respectively. Most of previous studis on SCCSAP
mixtures show that the existence of macro voids generated by SAP particles is the main reason
for the strength reduction. To compensate the formation of macro pore with SAP adding.
Mechtcherine et al. (2006) reported that using 0.40% SAP (by mass weight of cement) with a
particle size of 200 um in high-performance concrete (HPC), with a water-to-cement ratio of
0.24, causes 12.8%, 18.8%, and 25% strength reduction in compressive strength, tensile
strength, and flexural strength respectively. Experimental results conducted by Han et al.
(2014) showed that addition of 4.0% SAP (by mass weight of cementitious materials) with
particle size ranging from 180 pum to 420 pum results in 7.1% and 11.1% reduction in
compressive strength and elastic modulus of high strength SCC mixtures (f', > 100 MPa)
with a water-to-binder ratio of 0.20. AzariJafari et al. (2016) studied the characteristics of
lightweight SCC mixtures containing 1.5% pre-soaked SAP (by mass weight of binder). They
found strength reduction in SCCSAP mixtures ranging from 27% to 53% in mixtures with
water-to-binder ratios of 0.36 and 0.39 respectively. Van Tittelboom et al. (2016) reported that
addition of 0.50% SAP (particle sizes below 600 pm) in SCC mixtures causes 18.3% strength
reduction in a water-to-powder ratio of 0.30. However, contrary to these studies, Al-Hubboubi
et al. (2018) reported that addition of 0.50% SAP (by weight of cement) causes comparable
and/or higher compressive strength as compared with reference SCC mixture so that 1.7%

strength reduction, 5.2% strength improvement, and 6.5% strength improvement were obtained
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for water curing, moist curing, and air curing methods respectively. A slight increase in the
mechanical properties due to the SAP addition in the SCC mixture was also reported by Alex
(2019). Generally, experimental observations of the previous studies indicate that the chemical
composition of SAP, the particle size of SAP, and the initial water-to-cement ratio of the
mixture have significant effects on the probability of occurrence strength reduction or

improvement in SCCSAP mixtures.

Only a few studies determined the autogenous healing capacity of SCC mixtures with and
without any polymer. Sahmaran et al. (2008) studied the effect of the self-healing method in
SCC mixtures incorporating high volumes of fly ash (35% and 55%). After the pre-loading
process, they kept specimens in water for 28 days and subsequently, the mechanical and
permeation properties were measured. Promising self-healing results were observed in their
results. Fly ash-based SCC had a significant content of unhydrated fly ash particles available
in its microstructure which was efficient for healing the pre-existing cracks by the formation
of C—S—H gels. In this field, Ramadan & Haddad (2017) investigated the potential of the self-
healing method and strength recovery in SCC pavement. Their results showed that re-curing
(healing) in water is more efficient as compared to only air curing to heal cracks so that
damaged SCC specimens recovered compressive strength by 58% (Ramadan and Haddad
2017). Takagi et al. (2015) reported that the mechanical strength recovery is higher in SCC
mixtures containing blast furnace slag cement (up to 55%) as compared to other Brazilian types
of cement. They also recommended that the wet-dry cycle is more efficient than only wet
conditions for the self-healing method in SCC. Sasi (2018) investigated the effect of sodium
silicate (Na2SiO3) and polyurethane on the self-healing capacity in SCC inserted by the
pharmaceutical capsule and cementitious hollow tubes. They found that the self-healing ability
of SCC can be effectively improved by using self-healing agents such as sodium silicate and
polyurethane by the optimum dosage of about 4.0%. However, a limited number of previous
efforts worked on the self-healing methods in SCC using SAP. In this context, Van Tittelboom
et al. (2016) used encapsulated polyurethane and SAP in SCC mixtures to achieve self-healing
concrete by monitoring the crack-sealing of RC beams. Their results show that the crack-

sealing ratio for the SCC mixture containing SAP particles is significantly higher as compared
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to mixtures with encapsulated polyurethane. However, there is no specific study for

determining the effect of SAP on strength recovery after exposure of initial damages.

Thus, the present study concentrates on determining the effect of using SCC on the pre-

cracking phenomenon at the steel rebar-concrete interface and checking the efficiency of using

SAP, as a healing agent, on mitigating damages. Accordingly, the present study intends to

address the following objectives:

1. Determine the influence of crack width on bond characteristics of steel rebar embedded
in cracked SCC specimens as compared to NC.

2. Study the effect of 0.25% SAP-1 and SAP-2 on bond properties of steel rebar embedded
in uncracked and cracked SCC specimens, as compared to NC.

3. Check the performance of SAP particles in healing cracks and mitigating damages at the

rebar-concrete interface.

To address these objectives, an extensive experimental program is performed in the present
study. A number of 94 pull-out specimens are prepared and tested in three different statuses of
uncracked, pre-cracked, and healed specimens are considered in the experimental program.
Two concrete types of SCC and NC mixtures are provided containing two different SAPs with
different particle size and chemical composition. Consequently, a comparison study is

conducted between NCSAP and SCCSAP mixtures.

7.2 Experimental program

7.2.1 Material properties

Six different concrete mixtures are considered for this study to determine the effect of SAP on
bond characteristics of NC and SCC in three statuses of uncracked, pre-cracked, and healed
specimens. Initial water-to-cement ratios of 0.41 and 0.51 are considered for reference NC and
SCC respectively, while a constant initial water-to-powder ratio of 0.41 is considered for both
mixtures. General use (GU) cement is used for all mixtures with a density of 3.15 g/cm® and

maximum particle size about 70 pm. Limestone powder is used as a filler with a relative density
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of 2.68 and a maximum particle size of about 200 um. The particle size distribution of the
cement and limestone powder is illustrated in Figure 7.1. Natural sand with a maximum grain
size of 1.25 mm and a specific gravity of 2.68, and gravel with a nominal maximum diameter
of 20 mm and a particular gravity of 2.68 are considered for mixtures. Two types of SAP are
considered for the experimental program including (1) SAP1: a cross-linked copolymer of
acrylamide and potassium acrylate with maximum particle size and d50 of 500 um and 260
um respectively. SAP1 has water absorption capacities of 249 g/g and 25 g/g/ in deionized
water and pore solution respectively; (2) SAP2: a cross-linked anionic polyacrylamide with
maximum particle size and d50 of 150 pum and 47 um respectively. SAP1 has water absorption
capacities of 170 g/g and 25 g/g/ in deionized water and pore solution respectively. Both SAPs
have average specific gravity and bulk density of around 1.50 and 0.83 respectively. The tea
bag method, slump test method, and water desorption method (the absorption of a centrifuged
cement pore solution) were used to measure the water absorption capacity of SAPs. The SAP
is added by 0.25 wt.% of cement. Particle size distributions of SAP samples are illustrated in
Figure 7.1. Also, SEM images of SAP particles are shown in Figure 7.2. SAP particles were
produced through the bulk polymerization technique, in which blocks of polymers are shredded
into particles of irregular shapes. To adjust the flowability and stability of SCC mixtures,
superplasticizer and viscosity-modifying admixture are used, respectively. A constant
proportion of superplasticizer is used for both SCC and SAP-modified SCC mixtures to keep
the slump above 500 mm, as recommended by JSCE (1999), ASTM-C1611/C1611M (2009),
and Nagataki & Fujiwara (1995). The concrete composition of mixtures is illustrated in Table
7.1. NC mixtures containing 0.25% SAP1 and 0.25%SAP2 are identified by NC SAPI and
NCSAP2 respectively throughout the paper. Similar mix identification is considered for SCC
mixtures. Additional water is added to mixtures containing SAP with a dosage of 25 grams of
water per gram of dry SAP to adjust the fresh state of mixtures with reference NC and SCC.

Fresh properties of mixtures are also mentioned in Table 7.1.
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Figure 7.1 Particle size distribution of the powders used in the present study

Table 7.1 Mix proportions of concrete mixtures (parentheses denote standard deviation)

Quantity (kg/m%)
Constituent
NC NCSAP1 | NCSAP2 | SCC | SCCSAP1 | SCCSAP2
Water (w) 165 165 165 215 215 215
Cement (GU) (c) 395 395 395 420 420 420
Limestone powder - - - 105 105 105
Total powder 395 395 395 525 525 525
Superabsorbent polymer ' | - 0.99 0.99 - 1.31 1.31
Fine aggregate 788 788 788 940 940 940
Coarse aggregate (5-10 mm) | 822 822 822 352 352 352
Coarse aggregate (10-14 mm) | 258 258 258 219 219 219
Coarse aggregate (14-20 mm) | - - - 270 270 270
Superplasticizer 2.34 3.5 3.3 5.0 5.0 5.0
Additional water - 24.8 24.8 - 32.8 32.8
VMA - - - 2.5 2.5 2.5
Total w/c 0.41 0.48 0.48 0.51 0.59 0.59
Total w/p ? 0.41 0.48 0.438 0.41 0.47 0.47
Slump (mm) 97 104 109 709 618 675
Tso (s) - - - 2.37 3.80 2.30
Hardened density (kg/m®) | 2453.8 | 2416.8 2419.2 2375.7 | 2330.6 2346.0
Compressive strength 58.82 | 54.36 46.83 40.34 | 43.63 37.24
(MPa) (1.39) | (1.20) (0.17) (0.72) | (0.54) (0.46)
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(b)

Figure 7.2 SEM image of SAP particles: (a) SAP-1; (b) SAP-2

7.2.2 Test set-up and analyze procedure

Cylindrical specimens with dimensions of 150 mm X 113 mm are considered for specimens
(Figure 7.3) with a concrete cover of 75 mm. Steel rebars are positioned at the center of
cylinders for all specimens with a nominal diameter of 10 mm, average rib—face angle of 55
degrees, rib height of 1.89 mm, rib spacing of 13.22 mm, and rib spacing-to-rib height ratio of
7.0. Specified yield strength and ultimate tensile strength of steel rebars are 432 and 620 MPa
respectively. Pre-cracking simulation is applied to the specimens by controlled splitting tests.
Crack gauges are installed to control the crack width. However, due to the brittle behaviour of
concrete, direct measurement of crack width is considered instantly after finishing the splitting
test. Then direct pull-out tests, with a displacement rate of 0.50 mm/min, are conducted after
three stages of uncracked (without splitting test), pre-cracked, and healed (after 14 and 28 days
re-curing) specimens. Based on empirical observations, the displacement rate of 0.11-0.15

mm/min is considered for splitting tests. Experimental test set-ups are shown in Figure 7.3.
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Figure 7.3 Experimental test set-ups

To prevent corrosion influences for 28-day healing periods, the heat-shrinkable tube is used
along the rebar at both end sides of specimens. To analysis the results of SCC and compare
them with NC, different bond parameters are considered, as shown in Figure 7.4, including
bond strength (7,,), average bond stress (7, ), residual bond stress (,.), and bond energy which
is the area under bond-slip curve till rebar slippage of 10 mm (E’). Average bond stress (7,,) is
recommended by RILEM (Recommendation RC 6, append to RILEM TC (1994)) as the
arithmetic mean of bond stresses of 7 91, Tg19, and 74 oo corresponding to slips of 0.01 mm,

0.10 mm, 1.00 mm respectively, which is illustrated in Figure 7.4.
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Figure 7.4 Bond parameters of bond-slip curves considered for the present study

7.3 Results and discussions

7.3.1 Uncracked specimens

Results of uncracked, pre-cracked, and healed SCC are summarized in Table 7.2. Crack width,
compressive strength, average bond stress, maximum bond stress (bond strength), residual
bond stress, bond energy, number of specimens, and failure modes are mentioned in Table 7.2.
A total number of 94 pull-out specimens are tested in the present study. As shown in Figure
7.5(a), results show that pull-out failure mode is observed for uncracked specimens. Concrete
cover-to-rebar diameter ratio of around 7.5 and rib spacing-to-rib height ratio of 7.0 provide

enough confinement surrounding the steel rebar preventing splitting failure mode.



Table 7.2 Experimental results and failure modes

Specimen W | fm | Tuw | & E [ TFnm | TFu | IF F,?,l;l&::e
(mm) MPa (N/mm) %

X o | T o o o - 3.
NCC0.2 020 | 5% 100 187 . S
NCC0.3 0.30 36?129) (111.'764?) (()6.3:6) 56?129) - 5,8
NCCO0.4 0.40 (16.6385) ?6?114) ?69?27) %i?gz) - 8,8
NC/14H0.3 0.30 ?(')?987) ?2'%757) ?6.8:3) ?1'.7;) 1 ?35981) 0 (+689007) 58,8
NC/28H0.3 030 | (% | o0 | ©sn | @sn | mon | aso | diss 5.5
NC/28H0.4 040 | |5 1 | A S S
Nesam oo | a0 [ | - ey
NCSAPICO0.3 0.30 36?(;)9) ?62.3159) ?6.3027) 33'?3(.)5) - 8,8
NCSAP1C0.4 0.40 fdi?z) (5(')_5(?3) (11"_‘068) 2 5 555) ; S, S
NCSAP1C0.5 050 | IH e . S
NCSAPU/I4HO3 | 030 | (55, | wiey | oo | (s | s | (52 | 859 5.8
NCSAPI/I4H04 | 040 | &0 | 620 | Goos | o2y | © 0 0 5.8
NesaPas0s | 030 |, | 22 | |5, | [ I o [sss
NCSAP128H04 [ 040 | ° | [ |7 |2 0 07 o S
NCSAP2 0.00 (1027691) ?3? 52) (9i(.)18 3) (lzs(iﬂ) ) - PP, P
NCSAP2C0.15 0.15 | 3% | oo | i | (i . S
NCSAP2C0.3 0.30 ?6?172) (Sé.6397) gdéfz) ?3'.931) - 8,8
NCSAP2/14H02 | 020 | o | (o | 0om | (658 016 |0 0 S.S
NCSAPY/14H0.3 | 030 | %6 | Gon | 04ss | (09 | 066 | 005 | ° 5.8
NCSAP22SH0S | 030 | oy | it | | oo | | o
NCSAP2/28H035 | 035 | (72 | ° | () o 0 00 o S
SCC 0.00 (1056332) ?égll) (1(?7221) (147.261)8 - P,P,P
SCCCO.1 o10 | S* 150 1 1S . P
SCCCo.2 020 | {6y | aan | 086 | ol - 5,8,8
5CCC03 030 | 55 | 0 | @19 | c08) : 5.8
SCCCO0.4 0.40 56.1;7) (1(?.2191) (()(').1(39) ?é?s?z) - 8,8
SCC/14H0.3 0.30 ?i.6756) (94?323) (()(.)?36) Zi?m (+32.§6()1) 0 0 8,8
SCC/28H0.1 U e S e 0 K P
SCC/28H0.25 0.25 ?-)99 (l-(;.SO (0-)36 (1-8).86 zr-;7.09 Er_()).91 (+-;.22 S
SCC/28H0.4 040 | 70 L a Y 0 0 0 S
SCCSAP1 000 | oaoy | 1oy | 01n | (avor - P, P
SCCSAP1C0.3 030 | ion | ss | 6o | Gon - 5.8
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Table 7.2 Experimental results and failure modes (continued)

) w Tm Ty T, E IF,, | IF, | IF, Failure
Specimen n| o ode
(mm) MPa (N/mm) %
2.07 4.39 0.42 8.33
SCCSAP1C0.4 040 | o3 | wsn | 000 | Gon - 2 [s.s
5.44 11.08 0.18 9.32 +12.93 +7.14
SCCSAPI/14H03 | 030 | o' | 0o | 003y | 055 | en | oeh | ° 3 |s.8.8
1.46 3.27 0.10 2.15
SCCSAPI/14H04 | 040 | o' | (oso) | 006y | 060 | ° 0 0 2 |s.s
5.0 13.05 0.30 11.39 +11.55 +18.55 +0.047
SCCSAP1/28H0.3 | 0.30 (1.89) | 3.43) | (0.04) | (4.67) (17.87) | (2441 | (0.09) 4 |885S,8
2.89 733 010 | 5.89 +736 | +14.62
SCCSAP1/28H04 | 040 | o o 0 0 0 0 1 |s
16.45 25.20 6.75 12591
SCCSAP2 0.00 (1.87) (0.56) (1.50) (13.59) 3 3 PP, P
6.23 13.40 0.095 9.46
SCCSAP2C0.3 030 | ose | w52 | 0oh | 009 - 2 [s.s
4.13 8.12 0.11 5.18
SCCSAP2C0.4 040 | 640 | 021 | 008) | (091) - 2 [s.s
8.40 16.75 0.64 17.67 +21.23 +28.56 +8.19
SCCSAP2/14H0.3 | 0.30 (1.00) | 235 | (045 | (147 9.83) | (19.60) | (6.75) 4 |S.S.8,8
SCCSAPY/14H04 | 040 |37 |57 | ()7 | &0 0 0 5
9.81 16.90 0.35 17.10 +35.07 +29.66 +3.97 S, S, S, S,
SCCSAP2/28H0.3 | 0.30 (2.82) | 2.63) | (025) | (829) (2.82) | (2222) | (3.64) 5 S
0.10
Range of =w 0.8- 2.6- 0.0- | 11806 | 00to | 00t | 0.0to | All specimens
parameter <050/ 193 27.1 14.5 SR +45.50 | +100.0 | +24.14 n =94
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Figure 7.5 Failure modes of SCC specimens: (a) pull-out in uncracked concrete;
(b) pull-out in cracked concrete with w = 0.10 mm;
(c) splitting in healed specimens and cracked concrete with w > 0.10 mm

Bond-slip curves of uncracked specimens for NC and SCC mixtures are illustrated in Figure
7.6. In the case of NC mixtures, although similar bond-slip curves are obtained for NCSAP
mixtures, SAP1 and SAP2 cause an initial reduction in ascending branch of the bond-slip curve
after 10 MPa and 5 MPa bond stress respectively (Figure 7.6(a)). This corresponds to the
mechanical interlocking effect before the maximum bond stress (bond strength), as
schematically shown in Figure 7.4. This is the stage of first cracking where rebar lugs induce
large bearing stresses in the surrounding concrete and transverse micro-cracks originate at the
tips of the lugs allowing the rebar to slip. Observation shows the higher impact of SAP2 on
initial bond reduction as compared to SAP1. However, as shown in Figure 7.6(b), contrary to

NC, SAP2 has no effect on the initial stiffness of the ascending part, while SAP1 causes a
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considerable reduction in the initial stiffness of the ascending part. These observations clearly
indicate that type of SAP can affect bond stiffness in different concrete compositions.
Moreover, Figure 8.6 shows that this effect initiates at specific bond stress ranging from 5 MPa

to 10 MPa.
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Figure 7.6 Bond-slip curves of uncracked specimens:
(a) NC mixtures containing SAP; (b) SCC mixtures containing SAP
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Compressive strength of mixtures is shown in Figure 7.7(a). Results show that SCC mixture
has lower compressive strength as compared to NC with the same water-to-powder ratio.
Results indicate that mixtures containing SAP1 have comparable and slightly higher
compressive strength as compared to reference mixtures, while SAP2 causes a considerable
reduction in compressive strength. This reduction effect is more crucial for NC mixtures
(20.4% reduction) than SCC mixtures (8.3% reduction). This may be attributed to the smaller
particle size of SAP2 as compared to SAP1, which produces more macro-voids in the bulk
matrix. Bond parameters of uncracked specimens are extracted from bond-slip curves, shown
in Figure 7.7(b). Average bond stress, bond strength, and residual bond stress of mixtures are
extracted from bond-slip curves. Also, bond stress corresponds to the slip of 0.01 (74 44) is
obtained to show the primary stiffness of the curves before the initial stiffness explained in
Figure 7.6. Results show that SCC has lower primary bond stress (7, ;) and average bond
stress (T,,), while comparable and higher bond strength (7,,) and residual bond stress (z,) are
obtained for SCC respectively. Higher bond strength of SCC than NC was reported by the
literature (Mousavi et al., 2017; Mousavi et al., 2016). As shown in Figure 7.7(b), even though
SAP1 and SAP2 cause similar bond strength of mixtures to the reference mixtures, SAP2 is
more efficient by having higher bond strength, average bond stress, and primary bond stress as
compared to SAP1. However, there is no clear trend for the residual bond stress of mixtures.
Results show that SAP causes higher residual bond stress in NC mixtures while it has a
contradictory impact on SCC mixtures. By comparing Figures 7.6(a) and (b) it can be deduced
that although SAP2 produces more macro-voids in the bulk matrix of both NC and SCC
mixtures resulting in lower compressive strength while providing a better interface between
steel rebar and surrounding concrete. For explaining this phenomenon, normalized bond
properties are shown in Figure 7.7(c) with the square root of compressive strength. Previous
researches along with concrete design codes used normalized value of bond strength to

concentrate on the rebar-concrete interface than the bulk matrix (Wu & Zhao, 2012).

Generally, normalized results indicate that SCC mixtures have higher normalized bond
properties as compared to NCC mixtures, especially SAP2 so that SCCSAP?2 is the optimum

mixture among all concrete mixtures of the present study. This can be attributed to the filling
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and passing abilities of SCC mixtures with high workability, which reduces the porosity at the
rebar-concrete interface. Using lower content of coarse aggregate and higher content of filler

material can affect this phenomenon in SCC mixtures. In the case of normalized bond strength
(ty" = T/ f' o), results show that SAP2 is considerably more efficient as compared to SAPI.

NCSAPI and SCCSAP1 mixtures have comparable normalized bond strength as compared

with reference mixtures.
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Figure 7.7 Comparison of uncracked concrete results:
(a) compressive strength; (b) bond characteristics;
(c) normalized bond properties with the square root of compressive strength
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To study the adhesive bond of mixtures, primary bond stress (7 ¢4) is defined in the present
study. This can clearly be deduced from bond-slip curves of mixtures until the slip of 0.05 mm
(Figure 7.8). This low bond stress at a low slip range corresponds to chemical adhesion
between the rough steel surface and the surrounding concrete (Tassios, 1979). Highly localized

stress is existed close to lug tips (elastic behaviour) at the end of this stage. Regarding primary

normalized bond stress in NC (T 91" = To.01/ \/E), Figure 7.7(c) shows that both NCSAP1
and NCSAP2 have lower bond stress as compared with NC, which continues until the slip
corresponds to the maximum bond stress (Figure 7.6(a)). Although NCSAP2 has higher
primary bond stress as compared to NCSAP1 (Figure 7.8(a)), lower initial stiffness at the
ascending branch of bond-slip curve is observed in Figure 7.6(a). Changing interfacial
behaviour happens from the chemical adhesive bond stage to the mechanical interlocking bond
stage. In the case of SCC mixtures, SAP2 causes reduction in the initial stiffness in ascending
branch (Figure 7.6(b)), while has no effect on primary bond stress (chemical adhesive bond,

Figure 7.8(b)).
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Figure 7.8 Bond-slip curves of uncracked specimens until slip of 0.05 mm:
(a) NC mixtures containing SAP; (b) SCC mixtures containing SAP
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The area under bond-slip curves of uncracked specimens, denoted as “absorbed energy by bond
mechanism”, is illustrated in Figure 7.9. Results show that the SCC reference mixture has
higher absorbed energy (the average value of 176.2 N/mm) as compared to the NC reference
mixture. The maximum value of 180.59 N/mm is recorded for SCC samples. In the case of
NC mixtures, SAP has no considerable impact on absorbed energy so that NCSAP1 and
NCSAP2 mixtures have comparable and slightly higher absorbed energy respectively as
compared to NC reference mixture. However, in the case of SCC mixtures, SAP1 and SAP2
cause 5.6% and 28.5% reduction in absorbed energy (Figure 7.9). Regarding energy absorption
in cementitious materials containing SAP, only Snoeck et al. (2018) have conducted
experimental tests on the self-healing characteristics under impact loads using a drop-weight
machine. They found that specimens containing SAP have a more ductile behaviour, as
compared to the reference mixture. However, the bond energy absorption mechanism is
different from the impact behaviour. SAP can act as a stress initiator to cause multiple cracks,
which increases the ductility of the specimen exposed to the impact loading (Snoeck et al.,
2018). However, in the present study, a lower area under the bond-slip curve represents lower
bond ductility, resulting in a brittle and sudden bond drop after the maximum bond stress (bond
strength). This leads to lower residual bond stress, which is clearly shown in Figure 7.6(b) for
SCCSAP2 mixture. High bond strength of SCCSAP2 mixtures along with the low absorbed
energy by this mixture results in a challenging issue on designing concrete mixtures containing
SAP particles. It is worth emphasizing that more experimental tests are needed for future
studies to figure out the effect of SAP types (particle size and chemical composition) on
mechanical strength and microstructure (bulk matrix and rebar-concrete interface) of concrete

mixtures.
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Figure 7.9 Bond absorbed energy of NC and SCC mixtures

7.3.2 Pre-cracked specimens

As shown in Table 7.2 and Figure 7.5(b), cracked specimen with w = 0.10 mm failed by pull-
out failure mode while splitting failure modes are observed for larger crack widths (Figure
7.5(c)). Bond strengths of steel rebar embedded in cracked specimens with respect to the initial
crack width is shown in Figure 7.10. Results show that small crack width has no considerable
impact on bond strength so that only 5.7% bond reduction is observed for SCCCO.1 specimen.
However, large crack width causes significant reduction in bond strength insofar as crack
widths of 0.15, 0.20, 0.30, 0.40, and 0.50 mm cause around 36-52%, 21-33%, 40-84%., 59-
84%, and 90% bond strength reduction respectively. Generally, results show that SCC mixtures
are less sensitive to the pre-cracking phenomenon than NC mixtures so that SCC and
SCCSAP2 mixtures have higher bond strength for different crack widths as compared to NC
and NCSAP2 mixtures respectively. However, NCSAP1 and SCCSAP1 mixtures have similar
behaviour regarding cracked samples so that similar trend lines are obtained for them for bond
strength as a function of crack width (Figure 7.10). Moreover, initial crack width has

considerable influence on the absorbed energy so that a minimum value of 1.14 N/mm is
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recorded for NC mixture with 0.40 crack width (NCCO0.4, the average value of 2.56 N /mm for

two repetitions).
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Figure 7.10 Effect of crack width on bond strength of cracked specimens

7.3.3 Healed specimens

As illustrated in Figure 7.5(c), healed specimens with w > 0.10 mm failed by splitting of
surrounding concrete. However, as mentioned in Table 7.2, pull-out failure is observed for the
healed specimen of SCC/28HO0.1 after 28-day healing periods. A healing improvement factor
(IF) is defined in the present study, shown in Eq. (7.1), to determine the efficiency of concrete
mixtures for healing cracks passing the steel rebar, and mitigating damages. As [F increases,
the healing efficiency of the mixture increases. Zero value of IF corresponds to the specimens
with lower or comparable bond properties than the cracked specimen with constant crack width
(Theated < Trrecracked)> While IF > 0represents healed specimens with higher bond
properties as compared to those of pre-cracked specimens (Tyeaied = Tprecracked) AS

different crack widths are obtained by splitting tests due to the brittle nature of concrete in
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tension, bond reduction-crack width curves are used in few cases to predict bond properties of

cracked specimens. These predicted values are used for measuring the IF.

THealed — TpPrecracked

IF = [ x 100 (7.1)

Tuncracked — TPrecracked

Average healing improvement factors (IF) for all mixtures (with different repetitions) and
crack widths are shown in Figure 7.11 in which IF,,, IF,, and IF, are healing efficiency of
average bond stress, bond strength, and residual bond stress respectively. Range of these values
is summarized in Table 7.2. As illustrated in Figure 7.11, in the case of the average bond stress
(T;m), the maximum value of IE,, = 45.50% is obtained for SCCSAP2/28H0.3 (the average
value of 35.07% for 5 repetitions). In the case of the bond strength (z,,), the maximum value
of IF, = 100.0% is obtained for SCC/28HO0.1. High healing performance for SCC/28H0.1
corresponds to the small crack width of 0.10 mm, which makes it easy to entirely regain bond
strength. NCSAP1/14H0.3 mixture has the highest healing IF,. = 18.15% of residual bond
stress (the average value of 12.12% for 2 repetitions). Generally, results show that SAP has a
significant influence on increasing the healing performance of bond strength in large initial
crack widths (w > 0.10 mm) so that the average maximum [F, = 29.7% is obtained for
SCCSAP2/28H0.3, while the maximum value of 5.7% is recorded for mixtures without SAP
(Figure 7.11). Similarly, in the case of the average bond stress, the maximum average value of
IF,, = 35.07% is obtained for SCCSAP2/28H0.3. Moreover, results presented in Figure 7.11
show that SCC mixtures containing SAP particles are more efficient for healing damages
(and/or bond strength regaining) as compared to NC mixtures containing SAP particles. This
may be attributed to the fact that the existence of limestone in SCC mixtures affect cement
hydration so that more unhydrated cement grains remain in the hardened concrete samples,
which provides a better situation for healing damages in both the bulk matrix and the rebar-
concrete interface. Additionally, results show that 14-day healing periods are not enough to
heal crack especially for regaining bond strength, while promising results are obtained for 28-
day healing periods. Moreover, Figure 7.11 indicates that healing of large crack width (w >
0.40 mm) is totally difficult so that IF, < 10.0% is observed for bond strength of healed
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samples with 0.40 mm initial crack width. Besides, results show that SAP2 is slightly more
efficient than SAP1 for improving healing IF, especially in SCC mixtures.
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Figure 7.11 Healing improvement factors of bond properties for all mixtures

Bond-slip curves of the healed specimens are shown in Figure 7.12. Regarding w=0.10 mm
for SCC mixture, results indicate that even though maximum bond stress (bond strength) is
completely recovered (regained) after healing periods, residual bond stress and bond energy
are still significantly degraded (Figure 7.12(a)). The pull-out failure mode is observed for this
small crack (SCC/28HO0.1) after 28-day healing periods (Table 7.2). Results also show that
splitting failures, sudden drops in bond-slip curves after reaching maximum bond stress, are

observed for all healed specimens (w > 0.10 mm). As shown before in Figure 7.6, the presence
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of SAP particles near rebar and at the crack path leads to higher healing improvement factors

for both NCSAP and SCCSAP.

As reported in Figures 7.11 and 7.12, SAP-contained mixtures have higher healing IF as
compared with reference mixtures. There is a strong hypothesis for explaining this
phenomenon. The reaction between calcium ions (Ca?*t), available in the matrix, and
bicarbonates (HCO3) and carbonates (CO3™), available due to water ingress in the crack surface
along with carbon dioxide in the air, generate calcite. These precipitates increase the ability of
concrete to seal and heal the cracks (Aliko-Benitez et al., 2015). Hence, the content of calcite
precipitates can directly affect the strength- and stiffness-recovery. Due to the heterogeneity at
the rebar-concrete interface, a transition zone exists by a physical barrier of calcium hydroxide.
Enhanced quantity of calcium hydroxide at the rebar-concrete interface, as compared to the
matrix, have been confirmed in the literature (Arya et al., 2019; Horne et al., 2007; Yue &
Shuguang, 2001). Due to the internal shear force, cement grains tend to separate from the
matrix, causing a thin area around the rebar with fewer cement particles and more water, where
calcium ions can diffuse from outside the interface zone to form areas filled by calcium
hydroxide (Arya et al., 2019; Moreau, 1973). Results of the present study confirm that the
presence of this reach calcite layer around the rebar is useful to partly/entirely heal cracks and

regain bond strength.
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Figure 7.12 Bond-slip curves of healed specimens as compared with the cracked ones:
(a) SCC with w=0.10 mm; (b) NCSAP1 with w=0.30 mm;
(c) NCSAP2 with w=0.30 mm and 0.35 mm; (d) SCCSAP1 with w=0.30 mm;
(e) SCCSAPI1 with w=0.40 mm; (f) SCCSAP2 with w=0.30 mm
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The existence of SAP particles in the mixtures increases the possible consumption of calcite
for sealing/healing cracks. Moreover, macro-voids generated by SAP particles provide a
condition in which the crack path passes through the SAP particle locations. This improves the
performance of the self-healing method. Even in the case of concrete without polymers, almost
5.7% healing improvement factor is obtained for large crack width (Figure 7.5). However, due
to the complicated pattern and distribution of healing products at the rebar-concrete interface,
a sudden jump is observed in some bond-slip curves, indicating different efforts made between
surfaces of rebar and healed surrounding concrete, called “strength regain” (Figure 7.13). A

similar observation is shown in Figure 7.12(e) for SCCSAP1/28H0.4 mixture.
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Figure 7.13 Phenomenon of strength regain occurred in the healed specimens:
(a) NC/28HO0.4; (b) NCSAP1/28H0.4

A large quantity of stalactites is observed in the external surface of mixtures containing SAP
(Figure 7.14). Snoeck et al. (2014) reported that the stalactites consist of a significant amount
of CaCOs and washed out hydration products. Crystallization starts from the closer parts of
crack tips and then propagates to the interior parts of the crack to provide a bridge between the
crack lips. It is worth emphasizing that the crack-healing phenomenon is different from the
crack-sealing phenomenon. To highlight this fact, crack-sealing monitoring of two concrete
samples after one month healing period is considered in the present study by micro-computed

tomography (micro-CT) scanning. Similar to the pull-out specimens, splitting test is
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considered to simulate the pre-cracking phenomenon. However, to monitor crack closing by
micro-CT scanning, larger cracked widths (w > 0.50 mm) are considered as compared to the
pull-out specimens (Figure 7.15). As shown in Figure 7.11, SAP2 shows good healing
performance. Hence, NCSAP2 mixture is used for samples of micro-CT scanning. Different
locations considered in the concrete sections to compare the crack widths before and after the

healing periods. Similar to pull-out specimens, wet-dry cycles are used to seal cracks.

Figure 7.14 Healing products at the external crack surface of pull-out specimens
of SCCSAP1 mixture

As shown in Figure 7.15, crack widths provided by splitting tests are not constant along the
crack pass. The average value is considered for this section. This can explain some high
standard deviations that existed in Figure 7.11 for different crack widths in the pull-out
specimens. Sealing improvement factors (IF) of locations (A, B, C, D, and E) are illustrated
inside Figure 7.15. Results show that SAP2 causes a maximum of 50.4% sealing IF for the
average crack width of w = 1.20 mm (Figure 7.15(a)), while maximum of 62.7% sealing IF
is obtained for the average crack width of w = 0.95 mm (Figure 7.15(b)). Similar to the crack-
healing IF (Figure 7.11), SAP2 is efficient for sealing cracks. However, the range of sealing
even for so large crack widths is significantly higher than the maximum crack-healing IF,
(29.7% for SAP2). Different mechanisms can help for closing (sealing) cracks including
hydration of unhydrated particles and participation of calcium carbonate. The strength of
sealed products to maintain similar mechanical properties of uncracked specimens is a

challenging issue. Healing I[F (bond strength recovery) should be lower than sealing IF.
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Comparing the results presented in Figures 7.11 and 7.15 confirms this fact. It is worth
mentioning that due to the continuous hydration in the bulk matrix of mixtures throughout the

wet-dry cycles, transparency of images of micro-CT scanning after healing periods is lower

than the first stage.
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Figure 7.15 Crack-sealing monitoring in NCSAP2 samples after 1 month healing period by
micro-computed tomography (micro-CT) scanning for average crack widths of:
(a) 1.20 mm; (b) 0.95 mm
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7.4

Summary and concluding remarks

This paper determines the effect of SAP on the self-healing of bond damages in NC and SCC

mixtures. An experimental program is carried out in three separate statuses of uncracked, pre-

cracked, and healed specimens. Moreover, as there is no specific study on SAP-modified SCC

mixtures, a comprehensive discussion is performed in the present study on uncracked mixtures.

A comparison study is also performed on the results of NC and SCC mixtures. From the

exp

erimental results, the following main conclusions can be drawn:

It is found that crack width smaller than 0.15 mm in SCC has no impact on failure mode
so that pull-out failure is observed for pre-cracked specimens with w = 0.10 mm.
Mixtures containing SAP1 have comparable and also slightly higher compressive strength
as compared to the reference NC and SCC mixtures respectively, while SAP2 causes a
considerable reduction in the compressive strength. This reduction effect is more crucial
for NC mixtures (20.4% reduction) than SCC mixtures (8.3% reduction).

Generally, results show that the bond strengths of steel rebar embedded in NC and SCC
mixtures are not affected by a lower dosage of SAP (0.25%). Although SAP2 (smaller
particle size) causes a considerable reduction in compressive strength, higher bond
properties are obtained for this type of SAP as compared to SAP-1 with larger particle size
in both NC and SCC mixtures. This clearly shows that the chemical composition of SAP
plays a major role in the mechanical characteristics. More experimental studies are needed
for the future to comprehensively clarify this important finding.

Regarding the cracked specimens, SCC mixtures are less sensitive to the pre-cracking
phenomenon as compared to NC mixtures.

Promising healing results are obtained for NC and SCC mixture containing SAP particles
as compared to the reference mixtures so that 29.7% bond strength recovery is obtained for
SAP-contained mixtures. Results also show that SAP particles are more efficient in SCC
mixtures as compared to NC mixtures to heal cracks at the rebar-concrete interface.
Results show that the self-healing performance of small crack widths is higher than large
ones so that entirely bond recovery is obtained for a damaged specimen with 0.10 mm

crack width after 28-day healing periods.
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- Improvement factors for self-sealing of cracks are considerably higher than the self-healing
one so that in the case of NCSAP2 samples, 29.7% and 50.4% improvement factors are

obtained for bond strength recovery and crack closure respectively.






CONCLUSIONS

A comprehensive experimental study was carried out in the present thesis to determine the
effect of the pre-cracking phenomenon on bond behaviour of steel rebar emebedded in normal
concrete (NC), air-entraining concrete (AE concrete), and self-consolidating concrete (SCC).
Crack widths ranging from 0.10 mm to 0.5 mm were studied in the thesis. A simplified
analytical model along with a proposed bond-slip nvelope curve was proposed for pre-cracked
specimens. Also, a practical approach was used to mitigate internal damage at rebar-concrete
interface by an accelerated self-healing method using superabsorbent polymer (SAP).
Generally, the present thesis intendes to emphasize the effect of concrete compsotion on
uncracked, pre-cracked, and healed specimens. Different dosages (and types) of SAP and
healing periods were considered in the experimental program. Finally, the following
conclusions are obtained from experimental, analytical, and statistical studies of the current
dissertation:

- A literature review done from the previous studies revealed that concrete composition has
a considerable impact on bond properties of steel reinforcing rebar embedded in concrete
(Chapter 1). Moreover, in the case of SAP concrete, the total water-to-cement ratio,
including additional water, plays a major role in predicting the compressive strength of
mixture.

- The pre-cracking phenomenon has a significant impact on bond properties, especially
residual bond stress. However, small crack widths (w < 0.15 mm) have less influence
(Chapter 2). The pre-cracking phenomenon can often change the failure mode of rebar from
pull-out to a splitting failure mechanism. The simplified analytical model presented in
Chapter 3 shows that surface separation along with opening crack width (simultaneously)
leads to the propagation of bond failure after the pre-cracking phenomenon. Rebar rib
geometry plays a critical role in this context.

- Concrete with higher flowability (high slump value) is less sensitive to the pre-cracking
phenomenon so that strength reduction factors of SCC and NC with higher slump values

are lower than NC with a slump in the range of 100+15 mm. (Chapter 4).
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Using superabsorbent polymers (SAP) to accelerate autogenous the crack-healing is
efficient especially for a higher dosage of SAP. Although the higher dosage of SAP leads
to bond reduction due to the macro voids after releasing water by polymer, a high
improvement factor is found for 1.0% SAP, especially for lower crack widths (Chapter 5).
Calcium carbonate precipitations are confirmed by performing SEM images of healed
products from crack surfaces. SAP with larger size (SAP-2) is more efficient for all statuses
of uncracked, pre-cracked, and healed concrete. 28 days of wet-dry cycles are more
efficient, as compared to the 14-day healing periods.

Using air-entraining admixture in concrete has a positive impact on the self-healing method
by SAP (Chapter 6). Statistical analysis of all experimental tests revealed that crack width,
SAP percentage, healing period, AE dosage, and SAP type are the main parameters
affecting the self-healing method performance.

Similar to the NC, SCC concrete containing SAP show higher healing performance at the
rebar-concrete interface (Chapter 7), as compared with concrete without SAP. General
results show that 0.25% SAP is optimal and acceptable for retaining the current strength
and increasing the healing performance of concrete mixtures. Results also show that SAP
particles are more efficient in SCC mixtures as compared to NC mixtures for healing cracks

at the rebar-concrete interface.



RECOMMENDATIONS FOR FUTURE STUDIES

Despite the extensive efforts made in the current dissertation, more experimental studies are

necessary for future investigations to confirm and extend the obtained observations. The

author’s recommendations about future studies necessary to complement this study and better

investigate the subject are as follows:

In the case of the pre-cracking phenomenon, confined concrete by transverse reinforcement
should be studied to control the crack opening. This surrounding steel or FRP confinement
can also help for self-healing cracks by SAP.

Moreover, non-steel rebars or corrosion protected rebars are necessary to be studied for
extending the healing period for more than 1 month. Large crack widths (w > 0.15 mm)
needs more time to regain bond strength. Also, steel fiber may be more efficient to provide
a bridge between two sides of the crack lip for improving the self-healing method.

Only two types of superabsorbent polymer are tested in the present dissertation. More
experimental tests are essential to study the effect of SAP chemical type on self-healing at
the rebar-concrete interface.

Only one regime of healing, wet-dry cycles, is considered for the present experimental
study, and more tests are needed to be performed for other regimes. Also, the effect of the
water pH on self—healing should be studied in future research.

As mentioned in Chapters 6 and 7, SAP concrete has closer macro voids to the rebar edge.
Due to the enriched quantity of calcium hydroxide at the steel-concrete interface (SCI),
these macro voids can be efficient to provide more conditions of the lime cycle to generate
calcium carbonate precipitation. Additionally, calcium hydroxide in the vicinity of SCI
changes the pH value at a relatively higher level. This can affect the performance of SAP
for self-healing. Hence, both pullout strength and SCI properties are necessary to be
examined by future studies.

Regarding SEM and microscopic results presented in Chapters 5 and 6, an analytical
solution is necessary to optimize SAP dosage around the rebar edge for improving self-
healing performance, using different types of concrete composition. The author of the

present thesis recommends the classical problem of the probability, “Buffon needle”, so
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that SAP locations can intersect the path of the crack to precisely accelerate the self-healing
approach.

The monotonic pull-out test is considered for the experimental program. Future works can
expand the study of the pre-cracking phenomenon and the self-healing method to cyclic
loadings.

To confirm the promising results obtained in the present thesis, macro studies are necessary
such as real internal or external beam-column joints. In these members, a practical
technique should be used to pre-crack the joint, and then using wet-dry cycles for healing
this region. The same process can be used for shear wall, column, and foundation.
However, a practical way of pre-cracking and exposing wet-dry cycles are challenging for

these types of studies.



APPENDIX I

EFFECT OF SAP ON THE REDUCTION OF THE COMPRESSIVE STRENGTH

Table-A I-1 Collected test specimens for SAP mixtures in the literature

SAP f Strength S{&P
References (%) w/c | w./c | wp/c (lea) day | reduction size
(%) (mm)
Lam & Hooton 0 035 |0 0.35 51.11 7 0 0
(2005) 030 |035 [0.10 045 [3451 [7 |-3248 0.80
060 |035 [0.10 |045 |4065 |7 |-2046 0.80
0 035 |0 035 |568 |28 |0 0
030 |035 [0.10 o045 |41177 |28 |-27.59 0.80
060 |035 [010 [045 |a405 |28 |-22.53 0.80
Igarashi & 0 025 |0 025 |8630 |7 |o 0
Watanabe (2000) | 35 [025 [004 [029 [7800 |7 [-9.62 0.20
070 025 [0.09 034 |6700 |7 |-2236 0.20
0 025 |0 025 |9740 |28 |0 0
035 |025 [004 029 9420 |28 [-3.29 0.20
070 025 [0.09 034 |7610 |28 |-21.87 0.20
Piérard et al. 0 035 |0 0.35 97 7 0 0
(20006) 030 |035 [0.02 [037 |84 7 | -13.40 0.85
0.60 | 035 |0.04 |039 |76 7 | -21.65 0.85
0 035 |0 035 | 107 28 |0 0
030 035 [002 037 |99 28 | -7.48 0.85
060 035 [0.04 [039 |93 28 | -13.08 0.85
Lura et al. (2006) | 0 031 |0 031 |7682 |7 |o 0
0 031 |0 031 |8742 |28 |0 0
040 |031 [005 036 [7019 |7 |-862 0.25
040 |031 |005 036 |89.74 |28 |265 0.25
0 032 |0 032 |8411 |7 o 0
0 032 |0 032 | 111.92 |28 |o 0
040 032 [005 037 8179 [7 [-276 0.25
040 032 [005s [037 |11722 [28 [473 0.25
Mechtcherine et | ¢ 025 |0 0.25 132 28 |0 0
al. (2006) 040 | 025 | 004 |029 | 129 28 | 227 0.25
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Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

SAP f. Strength S{&P
References (%) w/c | w./c | wr/c (MPa) day | reduction | size
(%) (mm)
Esteves et al. 0 035 |0 0.35 52.32 7 0
(2007) 0 030 |0 030 |6619 |7 0
0 025 |0 025 | 7744 |7 0
020 | 035 |005 |040 |4866 |7 7 0.25
020 |03 |005 035 [s5625 |7 1502|025
020 025 |005 030 [6253 |7 1926 | 025
0 035 |0 035 |6096 |28 |o 0
0 030 |0 030 |7535 |28 |o 0
0 025 |0 025 |s8424 |28 o 0
020 |035 [005 040 |4997 [28 [-1803 |o025
020 |03 |005 035 |6253 |28 |-1701 0.25
020 |025 [005 |030 |7064 |28 [-1615 |025
Dudziak & 0 024 005 |020 |132 28 o 0
Mechtcherine 040 | 024 005 |0.29 129 28 2.27 0.20
(2008)
0 025 | 003 |028 | 140 28 |0 0
040 025 003 028 |140 28 o 0.20
0 024 005 020 |172 28 |o 0
040 | 024 005 [029 |150 28 |-1279 | 020
0 025 | 003 |028 |163 28 |0 0
040 025 [003 028 |150 28 | -7.98 0.20
Craeye & De 0 032 |0 032 |10869 |28 |o 0
Schutter (2008) o 04 [032 [006 | 038 |9130 |28 |-1600 | 080
0.06 |032 008 |04 79.80 |28 |-27.00 | 0.80
008 |032 010 [042 [7500 |28 [-3100 o080
Dudziak & 0 022 |0 022 | 122 7 0 0
Mechtcherine 040 | 022 |0 022 | 112 7 -8.19 0.15
(2009) 030 |022 [004 [026 |11 7 29.02 0.15
030 | 022 005 |027 108 7 1148 | o0.15
040 | 022 007 029 |94 7 2295|015
0 022 |0 022 | 141 28 |0 0
040 | 022 |0 022 | 134 28 | -4.96 0.15
030 | 022 004 |026 |137 28 | -2.84 0.15
030 | 022 [005 |027 |142 28 | 071 0.15
040 022 [007 020 |120 28 |-1489 | o0.15




Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

SAP f Strength SfAP
References (%) w/c | w./c | wr/c (MIfa) day | reduction size
(%) (mm)
Dudziak & 0 027 |0 027 |225 |28 |o 0
Mechtcherine 030 |027 |004 |031 [207 |28 |-8 0.15
(2009) 0 022 |0 022 127 |7 Jo 0
040 022 |0 022 |18 |7 |-7.0 0.15
030 |022 |004 |026 |121 |7 |47 0.15
030 |022 |005 |027 |125 |7 |-157 0.15
040 |022 [007 |029 |95 7 | 2519 0.15
0 027 |0 027 |17 |7 Jo 0
030 |027 |004 |031 |109 |7 |-6.84 0.15
0 022 |0 022 | 160 |28 |0 0
040 |022 |0 022 | 156 |28 |-2.50 0.15
030 |022 |004 |026 |155 |28 |-3.13 0.15
030 |022 |005 |027 |147 |28 |-8.13 0.15
040 |022 |007 |029 |128 |28 |-20 0.15
0 027 |0 027 | 188 |28 |o 0
030 |027 |004 |031 |181 |28 |-3.72 0.15
Wang et al. (2009) | o 034 |0 034 |6460 |28 |0 0
030 | 034 | 004 |038 |6240 |28 |-3.41 0.50
050 | 034 | 004 |038 |6240 |28 |-3.41 0.50
070 | 034 | 004 |038 |35660 |28 |-1238 0.50
0 030 |0 030 |71.80 |28 |o 0
050 |030 | 002 [032 |6850 |28 |-4.59 0.50
050 |030 |004 |034 |6630 |28 |-7.66 0.50
050 |030 |006 |036 |63.80 |28 |-11.14 0.50
Hasholt et al. 060 |035 | 007 |042 |5886 |7 |-6.61 -
(2010) 040 | 035 | 005 |040 |6241 |7 |-097 -
0 035 |0 035 6302 |7 o -
020 |035 | 002 |037 |6472 |7 |269 -
0.10 |035 | 001 |036 |6565 |7 |4.16 -
060 | 035 | 007 |042 |67.04 |28 |-843 -
0 035 |0 035 | 7321 |28 |o -
040 | 035 | 005 |040 |73.52 |28 | o042 -
020 |035 | 002 |037 |7506 |28 |2.53 -
0.10 |035 | 001 |036 |7552 |28 |3.16 -
060 | 040 | 007 |047 |4796 |7 |-16.46 -

295
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Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

Strength SAP

References %;2})) w/c | w,/c | wg/c (l\ﬁ;a) day | reduction Size
(%) (mm)
Hasholt et al. 0.30 040 | 0.03 0.43 52.39 7 -8.76 -
(2010) 0.10 | 040 |001 |041 |5635 |7 -1.86 -
020 |040 |002 |042 |5680 |7 -1.06 -
0 040 |0 040 |5742 |7 0 -

0.60 0.40 | 0.07 0.47 57.66 28 -15.80 -

0.30 0.40 | 0.03 0.43 62.39 28 -8.90 -

0.10 0.40 | 0.01 0.41 65.44 28 -4.45 -

0.20 0.40 | 0.02 0.42 65.74 28 -4.01 -

0 040 |0 0.40 68.49 28 0 -

0.60 0.50 | 0.07 0.57 36.36 7 -17.12 -
0.20 0.50 | 0.02 0.52 38.91 7 -11.29 -
0.40 0.50 | 0.05 0.55 39.23 7 -10.56 -
0.30 0.50 | 0.03 0.53 42.27 7 -3.64 -
0 050 |0 0.5 43.87 7 0 -

0.60 0.50 | 0.07 0.57 43.71 28 -14.12 -

0.20 0.50 | 0.02 0.52 46.10 28 -9.42 -

0.40 0.50 | 0.05 0.55 46.74 28 -8.16 -

0.30 0.50 | 0.03 0.53 49.94 28 -1.88 -

0 05 |0 050 [508 |28 o -
Craeye et al. 042 032 019 |o051 |5972 |7 |-2802 0.15
(2011) 033 032 015 |047 |6755 |7 -18.59 0.15
023 032 o011 |043 [7199 [7 |-1325 0.15
0 032 |0 032 |89 |7 o 0
042 032 019 |os51 [7061 |28 |-27.39 0.15
033 032 015 |047 |7569 |28 |-22.17 0.15
023 032 011 |043 |[8266 |28 |-15.00 0.15
0 032 |0 032 [9725 |28 o 0
Schrofl et al. 0 030 |0 030 [7333 |7 o 0
(2012) 0 030 |0 030 |10137 |28 o 0
030 |030 |003 |033 |6578 |7 |-1029 0.32
030 030 |003 |033 [81.15 |28 |-19.95 0.32
030 |030 |004 |034 |668 |7 |-882 0.58
030 |030 |004 |034 [80.07 |28 |-21.01 0.58
030 030 |006 |036 |[7000 |7 |[-4.41 0.63

0.30 0.30 | 0.06 0.36 77.38 28 -23.67 0.63




Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

SAP f Strength SfAP
References (%) w/c | w./c | wr/c (lea) day | reduction size
(%) (mm)
Schrofl et al. 030 | 030 | 026 |056 |3639 |7 |-5037 |0.63
(2012) 030 | 030 | 026 |056 |5230 |28 |-4840 | 0.63
030 | 030 | 006 |036 |6444 |7 |-1213 | 0.90
030 | 030 | 006 |036 |79.80 |28 |-2128 | 0.90
020 | 030 |0.04 |034 |7414 |7 1.10 0.90
020 |030 | 004 |034 |97.06 |28 |-425 0.90
0.10 | 030 | 002 |032 |7603 |7 |3.68 0.90
0.10 | 030 | 002 |032 |9598 |28 |-532 0.90
030 | 030 | 005 |035 |73.60 |7 |037 1.06
030 | 030 | 005 |035 |9868 |28 |-2.66 1.06
030 | 030 | 002 |032 [8.07 [7 [9.19 0.59
030 | 030 [002 |032 |10137 [28 o 0.59
Olawuyi & 0 025 |0 025 |8953 |7 |o 0
Boshoff (2013) 920 [025 [ 006 [031 [7924 |7 1149 | 0.008
030 | 025|009 |034 |7676 |7 |-1426 | 0.008
040 |025 | 011 |036 |67.89 |7 |-2417 | 0.008
060 | 025|016 |041 |4938 |7 | -4484 | 0.008
020 | 025 |007 |032 |7985 |7 |-1081 0.01
030 | 025|010 |035 |7168 |7 |-1994 |o.01
040 | 025 | 013 |038 |6406 |7 |-2845 |00l
060 | 025|019 |044 |5179 |7 [-4215 [oo01
0 025 |0 025 |106.12 [28 |o 0
020 | 025 | 006 |031 |97.81 |28 |-7.83 0.008
030 | 025 | 009 |034 |9341 |28 |-11.98 | 0.008
040 | 025 | 011 |036 |86.66 |28 |-1834 | 0.008
060 | 025|016 |041 |6673 |28 |-37.12 | 0.008
020 | 025 |007 |032 |9200 |28 |-1331 0.01
030 | 025 | 010 |035 |8465 |28 |-2023 |00l
040 | 025 | 013 |038 |80.64 |28 |-24.01 0.01
060 | 025|019 |044 |6574 |28 |-3805 |00l
Mechtcherine et | 0 030 |0 0.30 | 84.70 0 0
al. (2014) 030 | 030 | 003 |033 |[79.10 -6.61 0.58
030 | 030 | 004 |034 |79.10 -6.61 0.32
0 030 |0 030 |10320 [28 |o 0
030 | 030 | 003 |033 |9440 |28 |-853 0.58
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Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

SAP f Strength S{&P
References (%) w/c | wg/c | wr/c (MIfa) day | reduction | size
(%) (mm)
gg‘;ﬁ;‘zherme ctal |30 1030 [004 |034 [9s50 |28 |-7.46 0.32
Laustsen et al. 0 045 |0 045 |63.00 |28 |0 0
(2015) 007 |045 |003 |048 |57.00 |28 |-9.52 0.06
0.15 | 045 [006 |051 [5500 |28 [-1269 |0.06
030 |045 |013 |o058 [4300 [28 [-31.75 |o0.06
Wang et al. 0 0.35 0 0.35 60.98 | 28 0 0
(2013) 010 035 |o 035 |69.68 |28 | 1427 0.16
020 |035 |0 035 | 7058 |28 |15.74 0.16
030 035 |0 035 | 7046 |28 |15.55 0.16
0.60 | 035 |0 035 | 671 |28 |10.04 0.16
0 035 |0 035 | 6098 |28 |0 0
0.10 035 |0 035 | 6614 |28 |846 0.07
020 |035 |0 035 |69.68 |28 |1427 0.07
030 035 |0 035 | 7004 |28 |14.86 0.07
060 |035 |0 035 | 7292 |28 1958 0.07
Snoeck et al. 0 050 |0 050 | 35225 |7 0 0
(2014) 050 050 |0 050 |5135 |7 172 0.47
1 050 |0 050 | 4811 |7 7.93 0.47
050 | 050 |0.04 |054 |4090 |7 2172|047
1 050 | 009 |059 |40 7 2345 | 047
050 | 050 |0 050 |3531 |7 3241 0.10
050 | 050 |0.15 |065 |3225 |7 3828 | 0.10
1 050 |0 050 | 3081 |7 41.03 0.10
1 050 | 030 |080 |2036 |7 61.03 | 0.10
0 050 |0 050 | 6198 |28 |0 0
050 | 050 |0 050 | 5928 |28 |-436 0.47
1 050 |0 050 | 5856 |28 |-5.52 0.47
050 | 050 |0 050 |5225 |28 |[-1569 |o0.10
050 | 050 |004 |054 |5081 |28 [-1802 |o047
1 050 009 |059 |508 |28 |[-1802 |047
1 050 |0 0.5 | 4324 |28 |-3023 0.10
050 | 050 |0.15 |o065 |4162 |28 |-3285 |o0.10
1 050 |030 |08 [288 |28 |[-5349 [o0.10




Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

SAP i Strength S{&P
References (%) w/c | w,/c | wy/c (Ml';a) day | reduction size
(%) (mm)
Justs et al. 0 0.15 |0 0.15 15429 |7 0 0
(2015) 021 |o01s 003 |o18 [13337 |7 -13.56 0.06
031 020 |0 020 |12291 |7 |-1952 0.06
0 020 |0 020 15272 |7 o 0
0 0.15 |0 0.15 | 18253 |28 |0 0
021 |o015 [003 |o018 |16632 |28 |-8.88 0.06
031 020 |0 020 | 14958 |28 | -18.52 0.06
0 020 |0 020 |183.58 |28 |0 0
Kong et al. 0 029 |0 0.29 69.26 0 0
(2015) 020 [029 005 [034 6443 6.97 0.42
040 |029 010 [039 3229 -53.39 0.42
0 029 |0 029 8419 |28 |o 0
020 |029 [005 |034 [8023 |28 [-4.69 0.42
040 [029 [010 [039 [4961 |28 |-41.07 0.42
Van Tittelboom | 0 027 |0 027 |5840 |28 o 0
etal. (2016) 1 027 (007 |034 [4770 |28 |-18.32 0.60
Shen et al. 0 033 |0 033 |6400 |28 |0 0
(2016) 005 |033 [001 |034 [6250 |28 |[-234 0.15
015 |033 [003 |036 |[5940 |28 |[-7.19 0.15
026 |033 [005 |038 [5730 |28 |-1047 0.15
Mechtcherine et | 0 045 |0 0.45 61.00 28 0 0
al. (2017) 015 |045 [005 |050 [5610 |28 [-8.03 0.30
0.15 |045 [005 |050 [5650 |28 |[-7.38 0.15
0 045 |0 045 |5600 |28 |0 0
0.12 | 045 |005 |050 |5140 |28 |-821 0.30
0.13 |045 |005 |050 |[508 |28 |-9.29 0.15
0 045 |0 045 4320 |28 |0 0
0.15 |045 |005 |050 [4330 |28 023 0.30
0.15 |045 |005 |050 |[41.00 |28 [-5.09 0.15
0 045 |0 045 |5000 |28 |o 0
06 |045 |005 |050 [40.10 |28 |-19.80 0.30
06 |045 |005 |050 [4190 |28 |-1620 0.15
0 045 |0 045 |5700 |28 o 0
015 |045 [005 |050 |[5170 [28 [-9.29 0.30
0.15 | 045 | 005 |050 |47.80 |28 |-16.14 0.15
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Table-A I-1 Collected test specimens for SAP mixtures in the literature (continued)

Strength SAP

References %;ZI)) w/c | w./c | wr/c (I\{Ir;:a) day | reduction size
(%) (mm)
Mechtcherine et | 0 042 |0 0.42 37.00 28 0 0
al. (2017) 040 | 042 [007 |049 [3690 |28 |[-027 0.30
040 | 042 [007 |049 [3620 |28 |-2.16 0.15
0 045 | 0 045 |5050 |28 |0 0

0.16 045 |0.05 | 0.50 40.10 28 -20.59 0.30
0.16 0.45 | 0.05 | 0.50 43.70 28 -13.47 0.15
0 045 |0 0.45 43.50 28 0 0

0.15 0.45 | 0.05 | 0.50 36.10 28 -17.01 0.30
0.15 045 | 0.05 | 0.50 33.20 28 -23.68 0.15

0 045 |0 0.45 48.20 28 0 0
0.15 0.45 | 0.05 | 0.50 46.90 28 -2.69 0.30
0.15 045 | 0.05 | 0.50 43.10 28 -10.58 0.15
0.18 045 |0 0.45 47.20 28 -2.07 0.15
0 045 |0 0.45 57.80 28 0 0

0.15 0.45 | 0.05 | 0.50 48.60 28 -15.92 0.30
0.15 045 | 0.05 | 0.50 48.00 28 -16.96 0.15
0 045 |0 0.45 57.80 28 0 0

0.15 0.45 | 0.05 | 0.50 49.00 28 -15.22 0.30
0.15 045 | 0.05 | 0.50 48.60 28 -15.92 0.15

0.15 045 |0 0.45 58.00 28 0.35 0.30
0.15 045 |0 0.45 50.00 28 -13.49 0.15
0 045 |0 0.45 47.30 28 0 0
0.15 0.45 | 0.05 | 0.50 47.00 28 -0.63 0.30
0.15 045 | 0.05 | 0.50 43.30 28 -8.46 0.15
0 045 |0 0.45 56.70 28 0 0

0.15 045 | 0.05 | 0.50 48.70 28 -14.11 0.30
0.15 045 | 0.05 | 0.50 53.30 28 -5.99 0.15




APPENDIX II

EXPLANATIONS OF THE WATER ABSORPTION TESTS OF SAP

This supplementary file gives additional information regarding the details of tests conducted
to measure the water absorption of SAP used in the experimental tests. Regarding the
recommendations provided by RILEM TC 260-RSC (Snoeck et al., 2018), the tea bag method
is implemented to measure the water absorption of SAP (Figure-A II-1).

Figure-A II-1 Tea bag method for measuring water absorption of SAP

In addition to the value of water absorption results obtained by the Tea bag method (Table-A
II-1), absorption capacity is also adjusted by slump flow tests, which are summarized in Table
6.1 of the manuscript. Finally, the value of 25 g water per g of dry SAP is selected for both
SAP to maintain the slump value in a constant range. This value is slightly lower than the
results of the Tea bag method (Table-A II-1). Similar trend has been recommended by RILEM
TC 260-RSC (Snoeck et al., 2018).
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Table-A II-1 Absorption of SAP (g fluid/g SAP) by the tea bag method

Series I1min | Smin | 10 min | 30 min 1h 3h 24h
pore solution (pH=12.8 for w/c=1.0)
SAPI-A | 213 26.5 26.8 25.4 24.9 27.4 26.1
SAPI-B 26.5 30.7 29.7 29.3 28.6 29.6 31.7
SAP2-A 12.6 24.4 24.4 24.5 26.2 30.2 34.9
SAP2-B 10.1 22.0 25.1 25.0 25.4 29.5 32.4
deionized water (pH=6.5)
SAP1-A 109.0 |210.9 236.0 249.4 259.8 269.4 302.5
SAP1-B 81.7 289.2 216.4 232.1 236.5 248.3 294.5
SAP2-A | 26.0 61.3 93.3 158.4 182.7 218.4 232.7
SAP2-B 29.7 61.9 80.4 122.3 156.8 206.9 238.2

* A and B show cross-checked.

However, as illustrated in Table 6.1 of the manuscript, high dosage of superplasticizer is used
for mixture containing 1.0% SAP-1 compared to other mixtures. To check the accuracy of the
water absorption capacity for higher dosage of SAP, an approach proposed by Schrofl et al.
(2012) is conducted for small trial batch of mixture. Based on this method, water absorption
capacity can be obtained by just gradually adding water during mixing to retain the slump
constant. For these trial batches (10 litre), the value of 24.97 g water per g dry SAP (i.e.,
98.63/3.95) is obtained for SAP-1 in high dosage content (1.0% SAP) (Table-A II-2), which is
so close to value used in the experimental tests. Results also indicate that for having the same
slump (225 mm), more superplasticizer is necessary for higher dosage of SAP. Finally, similar
to SAP-2, the value of 25 g/g is used as an additional water for mixtures containing SAP-1.

Table-A II-2 Mean absorption of SAP (g fluid/g SAP) by slump test (10 litre trial batches)

Gravel | Gravel Add SAP
) Cement | Sand 5/10 10/14 Water water SP | SAP | Slump | W;/C type
Mix
(kg/m%) % mm -
RT 395 788 822 258 187 0 14 10 225 0.47 -
100ST1 | 395 788 822 258 187 98.63 |14 | 1.0 210 0.72 SAP-1

*Note: Add=additional water, SP=superplasticizer, W;/C=total water to cement ratio, SAP= % wt. of
cement.

Although the same slump value is obtained without increasing superplasticizer for trial batch
of 1.0% SAP-1 (for 10 litre mixture), high dosage of superplasticizer is used to keep the slump
in the same range of the reference concrete for the main batch (55 litre concrete, Table 6.1).
Similar issue is reported by Van Tittelboom et al. (2016) in which for mixture containing
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0.50% SAP, a high amount of superplasticizer compared to the reference mix is used. It can be
attributed to the fact that controlling slump flow in mixtures containing high dosage of SAP
without using high amount of superplasticizer is difficult. Hence, more experimental tests are
necessary to address this issue by using different types and dosages of superplasticizer for
concrete containing high amount of SAP.






APPENDIX III

SEM IMAGE ANALYSIS OF STALACTITES OBSERVED AT THE EXTERNAL
LIP OF CRACKS

Other examples of EDS results are summarized here as follows:
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Figure-A I1I-1 SEM image analysis of stalactites - Second sample
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Figure-A III-2 SEM image analysis of stalactites - Third sample
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Figure-A III-3 SEM image analysis of stalactites- Fourth sample
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APPENDIX IV

SUMMARY OF SIX SAMPLES FOR SIZE AND DISTANCE OF MACRO VOIDS
FROM REBAR EDGE

Table-A IV-1 Distance and size of macro voids around the rebar (um)

Diameter/Distance ratio
Concrete | SAP
type (%) 1 2 3 4 5 6

Average | Max Min
RU 0 1055.4 | 1635.6 | 1030.8 | 1718.4 974.4 1413.6 | 0.17 1.74 | 0.019
25S1U 0.25 | 1789.8 | 2152.8 | 1830 2001.6 11904 | 2292.6 | 0.42 2.19 | 0.053
50S1U 0.5 1584 2094 2383.2 | 2526 2081.4 | 3037.8 | 0.38 2.31 | 0.058
100S1U 1.0 2706.6 | 1905.6 | 3094.8 | 35304 3264 2178.6 | 0.42 291 | 0.069







APPENDIX V

STATISTICAL ANALYSIS OF ALL HEALING RESULTS
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Figure-A V-1 Residual plot for average bond stress IF (IF,,.)
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Figure-A V-2 Interval plot of improvement factors with respect to healing periods:
(a) IF of bond strength; (b) IF of residual bond stress; (c) average improvement factor
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