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RÉSUMÉ
Compte tenu de la nature multi-échelle des défauts dans le béton, il s'ensuit que les diverses
tentatives existantes en technologie de béton fibré (BF)−visant à atténuer la tendance
intrinsèque du béton à la fissuration−demeurent toujours relativement inefficaces. Ceci est
attribué non seulement au fait que le grand espacement interfibrillaire des macro-fibres (dans
un BF) ne favorise pas un pontage efficace des fissures multi-échelles, mais aussi au fait que le
phénomène de fissuration commence tout d’abord à l’échelle nanométrique. En conséquence,
des travaux de recherche et de développement considérables ont été investis au cours de la
dernière décennie pour développer des bétons incorporant des particules nanométriques. Ainsi,
les nanofibres ont émergé comme un outil efficace permettant la manipulation du béton au
niveau de sa nanostructure tel que celle-ci soit conçue de manière à contrôler le comportement
du béton à l’échelle macroscopique pour obtenir des bétons à performances améliorées. Dans
ce contexte, bien que les nanomatériaux à base de carbone tels que les nanofibres de carbone et
les nanotubes de carbone ont acquis une popularité relative, certaines préoccupations reliées à
leur coût actuel ainsi qu’à la santé humaine et environnementale favoriseraient plutôt les
matériaux nano-cellulosiques. Ces derniers ont apparu récemment comme un enjeu permettant
de conférer des propriétés composites améliorées nécessaires pour des applications aussi variées
telles que les adhésifs, les nano-composites, et les électroniques transparentes.
La présente étude vise à explorer les possibilités d’améliorer les propriétés du béton à l'aide d'un
nouveau type de matériaux nano-cellulosiques, notamment, les filaments de cellulose (FC), afin
d'obtenir des performances améliorées nécessaires pour des applications ciblées. Les FC sont
des fibrilles cellulosiques de diamètre nanométrique (30 à 400 nm) et de longueur
micrométrique (100 à 2000 µm), présentant ainsi le ratio d’aspect le plus élevé (100 à 1000)
parmi tous les matériaux nano-cellulosiques actuellement disponibles. L'étude se concentre sur
l'impact de FC comme un outil permettant d’améliorer les propriétés du béton dans ses trois
principaux états (frais, durcissant et durci). En conséquence, trois applications en relation avec
ces états du béton ont été identifiées grâce à un programme expérimental compréhensive: (i)
amélioration des propriétés du béton frais en utilisant le FC comme agent modificateur de
viscosité (VMA), (ii) amélioration des propriétés du béton durcissant en utilisant le FC comme
un agent réducteur de retrait (iii) amélioration de la performance du béton à l'état durci en
utilisant le FC comme un renforcement nanométrique pour conférer un pontage de fissures à
l'échelle des hydrates. L'étude vise, en outre, à mettre en vigueur ces différentes améliorations
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(en propriétés du béton) apportées par l’utilisation de FC pour développer une nouvelle
formulation de béton, ainsi optimisant les apports de FC.
L’amélioration des propriétés du béton à l’état frais a été entamée dans le cadre de valoriser
l’aspect hydrophile des FC, leur taille nanométrique et leur flexibilité afin de conférer un effet
VMA dans les bétons autoplaçants (BAP) dont la formulation nécessite un équilibre délicat
entre la fluidité et la stabilité. Dans ce contexte, les FC ont été incorporés à des concentrations
de 0,05-0,30% en masse de liants dans des pâtes de ciment et des BAP. Les résultats démontrent
que les FC peuvent servir d’un adjuvent VMA permettant non seulement d’améliorer la
rhéologie, mais aussi de conférer des effets positifs collatéraux aux performances mécaniques
(amélioration de 12–26% de la résistance en compression, traction brésilienne et flexion) par
rapport aux bétons contenant de VMA conventionnels de type Welan Gum. L’effet VMA des
FC est attribué à la formation des réseaux de fibrilles de FC nanométriques et flexibles
permettant de percoler les particules cimentaires et accroitre la stabilité des mélanges tel que
démontré à travers un modèle de percolation géométrique ainsi que par les études de la
microstructure. A ce propos, Il est à noter que l’effet de VMA conféré par les FC est également
accompagné d’un effet rhéofluidifiant attribuable à la tendance des FC flexibles à s’aligner dans
la direction de l’écoulement du mélange sous un cisaillement croissant.
La potentialité des FC d’améliorer les propriétés des bétons durcissant a été évaluée dans le
contexte d’exploiter les caractères hydrophiles et hygroscopiques des FC pour atténuer le retrait
endogène dans les bétons fibrés à ultra hautes performances (BFUP). Ainsi, alors que les BFUP
peuvent contenir jusqu’à 25% de fumée de silice (pour accroitre la compacité et maximiser la
résistance mécanique), cette teneur élevée en fumée de silice rend la matrice vulnérable au retrait
endogène. Cependant, la réduction de la teneur de la fumée de silice jusqu’à 15% résulte à une
matrice moins vulnérable au retrait endogène, néanmoins présentant une faible résistance
mécanique. Dans ce sens, l’incorporation des FC à des taux de 0-0,30% par masse de liant a
permis produire des BFUP ayant 25% de fumée de silice et présentant une réduction en retrait
endogène allant jusqu'à 45% et 35% au cours des premières 24 heures et 7 jours, respectivement.
Enfin, la potentialité des FC en tant que renforcement nanométrique a été étudiée sur des pâtes
de ciment et sur des bétons. Dans le premier cas, des propriétés mécaniques améliorées
(résistance à la compression, résistance à la flexion et module d'élasticité) allant jusqu'à 25%
ont été obtenues. Dans le deuxième cas, des améliorations de résistance allant jusqu'à 16% (en
compression), 34% (en traction brésilienne), 22% (en flexion) et 96% (en ténacité) ont été
obtenues. Pour identifier les mécanismes sous-jacents à l'effet des FC sur la résistance
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mécanique des composite cimentaires, les observations ci-dessus ont été supplémentées par des
études de la microstructure, notamment le degré d'hydratation et les propriétés micromécaniques
(dureté, module d'indentation, et le fluage par contact) de phases de microstructure en utilisant
la méthode de Nanoindentation coupled with quantitative energy-dispersive spectroscopy (NIQEDS). Ainsi, il a été constaté que les performances macro-mécaniques améliorées découlaient
d’un double effet des FC sur la microstructure, à savoir : un degré d’hydratation augmenté (15%)
et des propriétés micromécaniques supérieures dans la matrice de C-S-H (~ 12-25%).
Pour une mise en valeur des différents apports de la nano-modification des composites
cimentaires par l’incorporation des FC, en particulier l’effet nano-renforçant et la synergie entre
les FC à l’échelle nanométrique et les macro-fibres, une nouvelle formulation d’un béton de
haute performance de type béton écrouissant (Strain-hardening cementitious composites) a été
développée. La conception de ce nouveau béton a suivi une nouvelle approche articulant
l’optimisation de la compacité granulaire avec les modèles micromécaniques. Ainsi, la poudre
de verre (PV) provenant du concassage des bouteilles de verre a été incorporée en remplacement
de la cendre volante (CV) – souvent utilisée dans cette application – de manier à optimiser la
compacité de la matrice pour améliorer la résistance mécanique. Pa la suite, les FC ont été
introduits comme un renforcement nanométrique permettant d’obtenir un béton renforcé à
multi-échelle. Les résultats démontrent que les FC ont permis de nano-renforcer la matrice ainsi
que d’améliorer les propriétés d'interface entre la matrice et les macro-fibres d'alcool
polyvinylique (PVA), permettant ainsi d'améliorer le comportement d'écrouissage. Ainsi, des
bétons écrouissant contenant jusqu’à 100% de PV en remplacement de CV ont été développés.
Les formulations obtenues ont un caractère autoplaçant (≈250 mm d’étalement) et présentent
(à 28 jours) une résistance à la compression de 60-75 MPa, une capacité de flexion de 9-15 MPa,
une résistance à la traction de 3-6 MPa, une capacité de contrainte en traction de 2-5% et une
résistivité électrique améliorée. Les bétons formulés présentent, alors, des performances
mécaniques supérieures à celles des bétons écrouissants contenant la CV. Néanmoins, bien que
l’amélioration en résistance mécanique obtenue avec la PV ne compromette pas la ductilité du
composite jusqu’à une teneur de 40% de PV, une ductilité réduite a été observée quand la teneur
en PV dépasse 40%. Pour ce, le FC a été utilisé pour conférer un effet nano-renforçant ainsi que
pour améliorer les propriétés d'interface entre la matrice et les macro-fibres. L’incorporation des
FC a démontré un double effet sur le comportement des bétons écrouissants : (i) le module
d'élasticité de la matrice plaine des bétons écrouissant est très important en présence des FC.
Ceci a contribué à réduire la ténacité de la fissuration, (ii) les FC ont atténué la friction excessive
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– entre les macro-fibres et la matrice – rencontrée à des teneurs élevées en PV (limitant la
ductilité du béton). Les FC ont aussi conféré un effet écrouissant à l’arrachement des macrofibres de PVA permettant ainsi d’accroitre la capacité de contrainte en traction. Une
amélioration en capacité de déformation et en ductilité au-delà de 200% par rapport aux bétons
écrouissants sans FC a été obtenue. Ainsi, avec l’incorporation de FC, il était possible de
produire des bétons écrouissant contenant jusqu’à 100% de PV en remplacement de CV tout en
présentant des résistances mécaniques et ductilités plus importantes.
Pour une mise à l’échelle des performances mécaniques améliorées (particulièrement la ductilité
importante) démontées par la nouvelle formulation de béton écrouissant, cette dernière a était
utilisée comme un surbéton pour développer un nouveau type de dalles composites à échelle
réelle (allant jusqu’à 2400 × 900 mm). La nouvelle dalle composite est envisagée de bénéficier
de la ductilité améliorée de son surbéton écrouissant de manière à accroitre la compatibilité
structurale entre le tablier métallique et son surbéton. Ceci a pour but d’améliorer la résistance
à la détérioration de l’adhésion d’interface tablier-béton, un des principaux types de ruptures
des dalles composites. Les résultats indiquent que, comparément à des dalles composites
construites de béton à haute performance ayant la même résistance en compression que le
nouveau béton écrouissant, les dalles composites au béton écrouissant ont démontré une
amélioration de 35 et 42% en capacité maximum de chargement et en ductilité, respectivement.
De même, les dalles composites au béton écrouissant ont démontré une résistance plus élevée à
la détérioration de l’adhésion d’interface tablier-béton, autrement dit, une amélioration à la
capacité cisaillement-adhésion connue par shear-bond capacity.
À cet égard, la nouvelle formulation du béton écrouissant développée dans le cadre cette étude
(et implémentée de l’échelle nano/micro jusqu’à l’échelle structurale réelle) s’est vue bénéficiée
de deux aspects liés à l’éco-efficacité. Le premier concerne la valorisation du verre recyclé dans
un béton à haute performance, contribuant ainsi à alléger le fardeau socio-économique important
créé par l’enfouissement de verre de post-consommation. Le deuxième concerne la mise en
exergue de la cellulose−le polymère naturel le plus abondant et le plus renouvelable sur la
planète−vers le développement de bétons à haute performance (renforcés à multi-échelle)
nécessaires pour des infrastructures en béton plus performantes.
Mots clés : Béton écologique ; Béton fibré ; béton nano-modifié ; composites cimentaires
écrouissant ; matériaux nano-cellulosiques ; micromécanique ; optimisation de compacité
granulaire ; poudre de verre recyclée.
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Abstract

ABSTRACT
In light of the well-established multi-scale nature of flaws in concrete, it follows that existing
diverse attempts in fiber-reinforced concrete (FRC) technology−intended to mitigate the
inherent tendency of concrete to cracking−remain relatively inefficient. This is majorly
attributed to the fact that the large inter-fiber spacing in conventionally used macrofibers does
not promote an effective bridging of multiscale cracks. As a result, increasing research and
development are currently being invested to develop concretes incorporating nanoscale
particles. Thus, nanoscale fibers emerged as a promising tool for manipulating concrete
nanostructure towards a controlled macrobehavior necessary for enhanced overall performance.
In this context, while carbon nanostructure (CNS) such as carbon nanofibers (CNF) and carbon
nanotubes (CNT) have gained a relative popularity, it should be noted that eco-efficiency
incentives would favor the currently emerging nanocellulose materials (NCM) extracted from
cellulose-based systems, the most abundant and renewable resource on the planet. NCM have
been demonstrated as a means to engineer superior composite properties necessary for versatile
applications including optics, biomedical applications, and transparent electronics.
The current study is aimed at disclosing the possibilities of re-engineering concrete properties
using a new type of NCM, namely, cellulose filaments (CF) in order to achieve superior concrete
performance necessary for specific applications. CF are cellulosic fibrils with a nanometric
diameter (30–400 nm) and micrometric length (100–2000 µm), thereby exhibiting the highest
aspect ratio (100–1000) among all currently available NCM. The study focuses on the influence
of CF as a tool for nano-tailoring the properties of concrete in its three major states (fresh,
hardening, and hardened). As a result, three applications in relation to the above concrete states
were identified through intensive experimentation: (i) enhancing the properties of fresh concrete
by using CF as a viscosity modifying admixture (VMA), (ii) enhancing the properties of
hardening concrete by using CF as a shrinkage reducing admixture (SRA), and (iii) improving
the performance of concrete at the hardened state by using CF as a nanoscale reinforcement.
The study further aims at leveraging those different enhancements in concrete properties
obtained with CF towards developing a new concrete formulation that optimizes the advantages
of CF.
The enhancement of concrete properties at fresh state was undertaken in the context of
valorizing the hydrophilic and flexible nanoscale CF to function as a VMA in self-consolidating
concrete (SCC) whereby the design of flowable (yet stable and robust) mixtures requires a
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delicate balance between flowability and stability. For this, CF were incorporated at
concentrations ranging from 0.05 to 0.30% per weight of binder in cement pastes and SCC. CF
were demonstrated as a valuable tool not only for rheology modification, but also to impart
collateral positive effects on mechanical performance (strength enhancement of 12–26% in
compression, splitting-tension, and flexure) when compared to commercially available VMA of
Welan Gum type. CF were found to serve as a VMA due to the buildup of flexible nanoscale
networks as demonstrated by a geometry-based percolation model as well as by microstructure
investigations. Interestingly, this effect was found to be accompanied by a shear thinning effect
attributable to the streamlining of flexible nanocellulose fibrils in the direction of flow under
increasing shear rates, thereby potentially enhancing pumpability.
The potential of CF to enhance the properties of hardening concrete was attempted in the context
of exploiting the hydrophilic and hygroscopic characters of CF to mitigate autogenous shrinkage
(AS) in ultra-high-performance concrete (UHPC). While s such, when UHPC formulation was
adjusted to accommodate CF at rates of 0-0.30% per cement mass, and silica fume content was
varied (from 15 to 25%), CF were found to be more beneficial in reducing AS at early-age with
a reduction of up to 45% during the first 24 hours and 35% at 7 days. On the other hand,
adjusting SF content from 25 to 15% had a negligible effect on AS at early-age (0–4% reduction
at 1 day) but a higher effect at later-age (28% reduction at 7 days) attributable to the timedependent pozzolanicity of silica fume. However, this alternative was found to have adverse
effects on mechanical performance (32% lower flexural capacity).
Finally, the potential of CF as a nanoscale reinforcement was investigated on cement pastes and
on concrete. In the former, strength enhancement in engineering properties (compressive
strength, flexural capacity, and elastic modulus) of up to 25% were achieved. In the latter,
strength improvements of up to 16% (in compression), 34% (in splitting tension), 22% (in
flexure), and 96% (in energy absorption) were obtained. To disclose the mechanisms
underpinning the effect of CF on strength of cement systems, the above findings were
supplemented by microstructure investigations, namely, degree

of hydration and

micromechanical properties (indentation modulus M, hardness H, and contact creep modulus C)
of major microstructure phases using nanoindentation coupled with quantitative energydispersive spectroscopy (NI-QEDS). As a result, the improved macromechanical performance
was found to sprout from a twofold microstructure change, i.e.: an increased degree of hydration
and higher micromechanical properties of C-S-H gel matrix (~12–25%).
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To leverage the above different advantages offered by CF on cement and concrete composites,
particularly the nanoreinforcing effect and the potential synergy between the nanoscale CF and
macrofibers, a novel multi-scale fiber-reinforced strain-hardening cementitious composite
(SHCC) was developed. The design of this SHCC followed a new approach that couples packing
density optimization with micromechanical tailoring. Thus, high-volume ground-glass
pozzolans (HVGP) were incorporated under the guidance of particle pacing optimization to
replace fly ash (FA) commonly used in SHCC such that composite strength can be increased.
The newly formulated SHCC was further improved in terms of ductility and strain-hardening
capacity by the incorporation of CF whereby the latter was a useful tool to nanomodify SHCC
matrix and interface properties towards enhanced strain-hardening behavior. In outcome,
HVGP-SHCC formulations with GP replacement of fly ash of up to 100% were developed. The
resulting formulations have self-consolidation ability (mini-slump dimeter in the range of 250
mm) and exhibited (at 28 days) 60-75 MPa compressive strength, 9-15 MPa flexural capacity,
3-6 MPa tensile strength, 2-5% tensile strain capacity, and a significantly increased electrical
resistivity (up to 60% enhancement). Thus, the mechanical properties of the newly developed
HVGP-SHCC exceed those reported in the commonly used high-volume fly ash (HVFA)SHCC. Nevertheless, while the strength enhancement obtained with GP does not jeopardize
composite ductility up to 40% GP content, a reduced ductility was noticed at GP>40%. As a
result, CF were used to impart a nanoreinforcing effect to HVGP-SHCC as well as to
nanomodify the interface properties of PVA fibers. In outcome, a twofold effect was obtained
by nanomodifying SHCC with CF: (i) CF imparted higher elastic modulus to the bulk
cementitious matrix (Em) thereby contributed to attenuating the crack tip toughness (𝐽𝑡𝑖𝑝 =
2
𝐾𝑚
/𝐸𝑚 ) with Km being matrix fracture toughness, (ii) CF led to attenuating the excessive

frictional bond encountered at higher GP content (densifying the matrix and increasing its
strength, but limiting strain-hardening behavior) and imparted a characteristic slip-hardening
effect (β) which contributed towards improving composite strain-hardening capacity and
ductility. Thus, enhancement in ultimate strain-capacity above 200% as compared to systems
without CF were obtained. Therefore, with the incorporation of CF, it was possible to produce
SHCC with up to 100%GP replacement of FA while exhibiting higher strength and ductility.
To scale-up the enhanced mechanical performance (particularly the high strength and ductility)
demonstrated by the new SHCC, the latter was used as a topping to develop a novel type of
composite deck slabs at full-scale (dimensions of up to 2400 × 900 mm). The composite deck
slabs thus constructed are intended to benefit from the improved strength and ductility of
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nanomodified HVGP-SHCC topping such that better compatibility between the steel deck and its
concrete topping can be obtained. This has the potential to increase the performance of composite
deck slabs under shear bond failure, a major failure mode in composite deck slabs. Results
indicated that, compared to composite deck slabs with a high-strength concrete topping having
similar compressive strength as the nanomodified HVGP-SHCC, the slabs constructed with the
SHCC exhibited up to 35 and 42% enhancement in ultimate load-carrying capacity and ductility,
respectively. Furthermore, composite deck slabs with nanomodified HVGP-SHCC exhibited
higher shear bond capacity.
Considering theses results, it is perceivable that the newly developed SHCC (implemented from
the material level at the nanoscale to the structural level at the macroscale) has benefited from a
twofold ecoefficiency perspective. The first concerns the valorization of post-consumer recycled
glass into the development of high-performance concrete, thereby contributing to relieve a
significant socio-economical burden created by landfilling post-consumer glass. The second
concerns exploiting the power of cellulose, the most abundant naturally occurring polymer on the
planet, towards a biomimetic design of high-performance multiscale-reinforced cement
composites necessary for sustainable and resilient concrete infrastructure systems.
Key word: Ecological concrete; fiber-reinforced concrete; micromechanics; nanocellulose
materials; nanomodified concrete; particle packing optimization; recycled glass powder; strainhardening cementitious composites.
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CHAPTER 1 . Introduction
1.1 Research context
While concrete represents by far the most widely used man-made material (with a global annual
production of more than 4.3 billion tons [ECA, 2015] and a Canadian production exceeding 36
million m3 (or ≥ 1 m3 par capita) [CAC, 2018]), it still remains that the intrinsic brittleness of
concrete and its consequent inherent affinity for cracking shape a salient drawback. The
tendency of concrete for cracking can be manifested in varying magnitudes of aggressivity
depending on the driving (endogenous/exiguous) forces of cracking. This can jeopardize the
structural performance and durability of concrete infrastructures thereby creating a significant
socio-economical burden, particularly in terms of infrastructure maintenance. As such, most of
the major leaps in concrete technology have been intended, in a way or another, to control the
cracking phenomenon in concrete. From the incorporation of steel rebars, to the introduction of
macrofibers, to the use of microfibers, all these attempts (decreasing in scale) envisioned
overcoming the tensile strength deficiency of concrete. As a result, the tensile capacity and crack
bridging ability offered by the separate or coupled effect of these reinforcing systems can lead
to higher cracking resistance, enhanced ductility, and improved toughness particularly with fiber
reinforced concrete (FRC) [Shah, 1983; Banthia and Mindess , 1995; Li, 2002].
In that regard, while fiber-bridging represents the fundamental mechanism underpinning the
FRC effect on concrete, it remains that the increased inter-fiber spacing in fibers conventionally
used in FRC does not promote an effective crack bridging vis-à-vis the multiscale (nano, to
micro, to macro) nature of cracking. As such, macro-size fibers conventionally used in FRC can
only handle cracks at their size, without a noticeable effect on micro and nano flaws.
Furthermore, the effect of macrofibers is rather reflected at the composite scale without actually
affecting the property of the cementitious matrix at the martial scale due to the law adherence
between the fibers and the host matrix. Similarly, macrofibers (at conventionl dosages of 2-3%
per volume) have a marginal effect on the pre-cracking mechanism, but rather influence the
post-cracking strength [Balaguru and Shah, 1992]. It follows that the performance of cement
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and concrete composites can be further enhanced, should nanoscale reinforcement be
considered. Nanoscale reinforcement can have better intimate adherence to the matrix due to
their increased surface reactivity dictated at their molecular scale. This may allow nanoscale
reinforcement to interfere with cracks from the stage of inception and hinder nanocracks from
growing into microcracks then coalescing into macrocracks, thereby delaying damage
localization. This has stimulated increasing research attention paid during the last decade in
nanofibers, particularly, carbon nanofibers (CNF) and carbon nanotubes (CNT) [KonstaGdoutos et al., 2010a; Sanchez and Sobolev, 2010]. Theses materials were found to impart
significant enhancement in composite flexural strength, tensile capacity, and particularly elastic
modulus [Konsta-Gdoutos et al., 2010b]. The enhancement in composite properties were found
to stem from the capacity of these nanoinclusions to alter not only the composite performance
(as the typical case with macrofibers), but also to further modify the properties of the materials
at the scale at which these nanomaterials are acting and interacting with their surrounding
environment inside the matrix, namely, the hydrates such as calcium silicate-hydrate- (C-S-H)
gel and calcium-hydroxide (CH) crystals [Konsta-Gdoutos et al., 2010b; Raki et al., 2010].
Nonetheless, it remains that the cost of carbon-nanostructure (CNS) at the current state of the
art is prohibitively high and may hinder large-scale applications [Raki et al., 2010].
Additionally, the use of CNS (particularly at dry state rather than liquid suspensions) face some
concerns pertaining to human health [Davis, 1993; Poland et al., 2008; Donaldson et al., 2010].
One way to exploit the power of nanofibers while responding to environmental and human
health concerns may lay in the use of nanocellulose materials (NCM). NCM cover a wide
spectrum of plant-based nanoscale materials, such as microcrystalline cellulose (MCC),
bacterial cellulose (BC), cellulose nanocrystals (CNC), nanofibrillated cellulose (NFC),
microfibrillated cellulose (MFC), and cellulose filaments (CF).
Leveraging the power of natural systems such as that offered by the complex hierarchical
structure of cellulose (the fundamental building block) of all NCM is believed to allow elevating
nanocellulose-modified-concrete to mimic the inherent features of natural system improved
until perfection during millions of years by the effect of the hidden Force behind mother nature.
This is largely attributable to the complex hierarchical structure exhibited by natural systems in
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general and plants in particular [Torgal and Jalali, 2011]. Bones, for instance, exhibit unique
mechanical properties in terms of stiffness, strength and lightweight [Filipponi and Sutherland,
2013]. Likewise, plants exhibit high tensile strength, and remarkable on-axis stiffness, elastic
modulus, and toughness while remaining relatively lightweight through their porous structure
allowing for the complex fluid-mechanics and dynamics phenomena associated with liquid
transport [Wang and Dixon, 2012].
Ongoing research related to NCM in concrete technology is focusing on CNC [Cao et al., 2015],
MFC and NFC [Ardanuy et al., 2012; Onuaguluchi et al., 2014]; and recently our works on CF
[Hisseine et al., 2018a; Hisseine et al., 2018b; Hisseine et al., 2018c; Hisseine et al., 2019a;
Hisseine et al., 2019b; Hisseine et al., 2019c]. CF are cellulosic fibrils with a nanometric
diameter (30–400 nm) and micrometric length (100–2000 µm), thereby exhibiting the highest
aspect ratio (100–1000) among all currently available NCM. Owing to their nanoscale size, fibril
morphology, and large surface area (>80 m2/g), CF have been proven as a powerful new means
to nanoengineer superior composite properties necessary for versatile applications such as
adhesives, polymer reinforcement, nanocomposites, transparent flexible electronics [Moon et
al., 2001; Habibi and Dufresne, Goodsell et al., 2014] and recently cement products
[Onuaguluchi et al., 2014; Cao et al., 2015; Hisseine et al., 2018a; Hisseine et al., 2018b;
Hisseine et al. 2019c]. The use of CF in such versatile applications is primarily catalyzed by
two NCM features: (i) the highly functionalizable cellulose polymers, and (ii) the remarkable
nanoscale reinforcing potential of cellulose chains forming highly ordered domains of
nanoparticles [Foster et al., 2018]. Thus, CF offer significant opportunities in composite design
by providing functionalizable nanoscale reinforcement. Such opportunities cannot be achieved
with macroscale natural fibers (for being too large to exhibit surface reactivity) or with
molecular cellulose (for being too tiny to impart reinforcing effect) [Moon et al., 2001]. As such,
the increased surface area of CF (>80 m2/g) is perceivable to allow intimate adherence with the
host matrix through chemical reactions driven by hydrogen bonging fostered by the omnipresent
hydroxyl (OH-) groups (not evident with macroscale natural fibers) [Hisseine et al., 2019a],
while conserving high transversal isotropic stiffness, thereby providing an effective nanoscale
reinforcement (not evident with molecular cellulose). Additionally, considering the nanometric
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scale of CF (allowing exploiting the power of cellulose that imparts strength to plan-based
materials) as well as their extraction process (involving delignification and removable of
degradable compounds causing instability at high pH and inconsistence in mechanical
properties), it follows that CF may offer an opportunity to overcome the drawbacks of cement
composites reinforced with macroscale natural fibers, such as the low elastic modulus [Jarabo
et al., 2012], poor compatibility between fiber and matrix [Faruk et al., 2012], and inconsistency
in fiber properties leading to variation in concrete quality and performance [Aziz et al., 1981].
That said, the current study hypothesizes that the versatile advantages of the nanoscale CF may
be leveraged towards reengineering concrete properties to achieve enhanced performance
required for specific applications, more precisely: (i) enhancing the rheological properties of
fresh concrete, (ii) controlling the volumetric instability of hardening concrete, and (iii)
improving the mechanical properties of hardened concrete.

1.2 Research definition
In line with the above hypothesis, the current study is contributing to a new research direction
where concrete properties can be nanoengineered towards higher performance using green
material, namely cellulose filaments (CF). More specifically, this study fills a niche research
gap in fiber-reinforced concrete (FRC) technology where conventionally used macrofibers do
not promote an effective crack bridging owing to the large inter-fiber spacing vis-à-vis the
multiscale nature of cracks in concrete. Thus, the incorporation of the nanoscale CF would
provide a nanoreinforcing system, which, when used in synergy with macro fibers would result
in a multiscale FRC with better performance. This has been validated through a newly developed
multi-scale strain-hardening cementitious composite incorporating a blend of PVA fibers and
CF. Furthermore, given the multifunctional properties of CF, its incorporation in concrete
collaterally enhances further concrete properties such as rheological performance (via a
viscosity modifying effect) and the volumetric instability (via an internal curing effect). The
former offers an alternative option to commercially available VMA used in flowable concretes,
while the latter provides a novel tool for mitigating autogenous shrinkage in ultra-highperformance concrete (UHPC).
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1.3 Research objectives
In light of the aforementioned hypothesis, the current study is aimed at valorizing cellulose
filaments (CF) to nanoengineer the properties of concrete at its three major phases (fresh,
hardening, and hardened). As such, the nanoscale of CF, its hydrophilicity, flexibility and high
aspect ratio are expected to be exploited to impart better rheological properties to fresh concrete.
Similarly, CF nanoscale, fibrillar morphology, reinforcing ability, hydrophilicity, and
hygroscopicity may be utilized to control the volumetric instability of hardening concrete. On
the other hand, the reinforcing effect of the nanoscale CF can be utilized to impart a
nanoreinforcing effect to allow a more efficient crack control. Additionally, the project aims at
valorizing CF for the development of multiscale FRC where CF can serve as a nanoreinforcement in parallel to macro fibers. To this end, the following specific objectives are
considered:
1. Characterizing the overall effect of CF on fresh properties, rheological behavior, heat of
hydration, volumetric instability, microstructure, and mechanical performance of cement
pastes and concrete.
2. Valorising CF as an alternative viscosity modifying agent (VMA) to allow formulating
flowable, yet stable, self-consolidating concrete (SCC) mixtures with enhanced mechanical
performance.
3. Taking advantage of the nanoreinforcing effect of CF as well as its water retention and
release capacities to control the autogenous shrinkage, particularly, in low water-to-cement
systems such as ultra-high-performance concrete (UHPC).
4. Exploiting the nanoreinforcing ability of CF to nanoengineer the strength properties of
hardened concrete (particularly, the elastic modulus, the flexural capacity, and toughness)
and to disclose the mechanism underpinning the way CF influences the strength of cement
systems.
5. Leveraging CF advantages to develop a novel multi-scale FRC, namely, a nanomodifiedstrain-hardening cementitious composite.

Chapter 1: Introduction

27

1.4 Research methodology
To achieve the aforementioned project objectives, a comprehensive research program with four
main parts and eight phases was conducted as schematized in Fig. 1.1
Part I: This part addresses the research background and involves a comprehensive literature
survey pertaining to fiber-reinforced-concrete, nanoengineered concrete, and nanocellulose
modified concrete. This part also sets the research problem, the hypothesis put forward to
address this problem, research objectives, along with the methodology established to achieve
those objectives.
Part II: This part involves evaluating CF characteristics (e.g. density, morphology, dispersion,
water retention capacity, and water release capacity) and their implications on properties of
cement and concrete composites. Four phases are included in this part:
-

Phase 1-Effect of CF on rheological properties of concrete: This phase is aimed at
valorizing CF as viscosity modifying admixture (VMA). Several CF rates were considered
in cement pastes and self-consolidating concrete (SCC). A possible mechanism
underlying CF effect as a VMA was proposed. CF addition rates necessary to unsure
rheological performance comparable to that of conventional Welan-Gum VMA were
established. Results of this phase are presented in article 1[Hisseine et al., 2018a].

-

Phase 2- Effect of CF on concrete properties during the hardening stage: This phase is
aimed at valorizing the hydrophilic and hygroscopic CF as a tool to mitigate autogenous
shrinkage. To examine CF effect in this perspective, an ultra-high-performance concrete
mixture (UHPC) with a water-to-binder ratio of 0.25 was selected for nanomodification
with CF. The influence of CF on autogenous shrinkage of UHPC was compared to when
the mixture content in silica fume was varied. Results of this phase are presented in article
2 [Hisseine et al., 2018b].

-

Phase 3- Effect of CF on hardened properties: This phase is aimed at utilizing CF as nanoreinforcement to enhance the mechanical performance. Cement pastes and concrete were
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considered. For cement pastes, the effect of CF on mechanical performance was also
evaluated in function of the curing regime (wet curing versus dry-sealed curing). The
effect of CF on tensile strength, flexural capacity, and toughness was evaluated. This was
supplemented by autogenous shrinkage during the first 7 days of curing as well as by
microstructure investigations to disclose CF effect on the interfacial transition zone (ITZ).
Results of this phase are presented in article 3 [Hisseine et al., 2018c].
-

Phase 4- Effect of CF on microstructure properties: This phase is intended to disclose and
the mechanisms underpinning the influence of CF on the mechanical performance of
cement systems. For this, this phase provides a top-down approach establishing a link
between the mechanical performance at the engineering scale (i.e. compressive strength,
elastic modulus, flexural capacity and toughness) and the microstructure properties (i.e.
the micromechanical properties of main microstructure phases) using nanoindentation
coupled with quantitative energy-dispersive spectroscopy (NI-QEDS) approach. Possible
microstructure reasons for CF effect on micromechanical performance were proposed.
Results of this phase are presented in article 4 [Hisseine et al., 2019a].

Part III: This part is designed to leverage the opportunities offered by CF for enhancing
concrete properties towards developing a new formulation with enhanced properties. It consists
of developing a strain-hardening cementitious composite (SHCC) also know as engineered
cementitious composite (ECC) using high-volume ground-glass pozzolans (HVGP) in
replacement of fly ash. A new approach coupling particle packing optimization with
micromechanical tailoring was proposed to allow optimizing strength and ductility. Three
phases make up this part:
-

Phase 5-Chracterization and nanomodification of interface properties of strainhardening cementitious composites incorporating high-volume ground-glass pozzolans
(HVGP-SHCC): Here, single-fiber pull-out tests were performed to characterize the
interface properties of HVGP-SHCC. Further, CF was used as a tool to nanoengineer the
interface properties to impart improved strain-hardening behavior. In outcome, fiberbridging capacity versus crack opening response σ (δ) for the different formulations was
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developed. The ensuing σ (δ) response are to serve for the micromechanical tailoring of
HVGP-SHCC. Results of this phase are presented in article 5 [Hisseine et al., 2019b].
-

Phase 6-Development of strain-hardening cementitious composites incorporating highvolume ground-glass pozzolans (HVGP-SHCC): In this phase, the results of σ (δ) response
developed in Phase 5 were used to micromechanically tailor the different formulations of
HVGP-SHCC. The resulting formulations were further validated with tests at the
composite level (uniaxial tensile test and flexural capacity test). In outcome, HVGPSHCC with 0-100% replacement of fly ash by GP and exhibiting improved strength
characteristics were developed. Results of this phase are presented in article 6 [Hisseine
et al., 2019c].

-

Phase 7-Development of nanomodified strain-hardening cementitious composites
incorporating high-volume ground-glass pozzolans (nHVGP-SHCC): In this phase,
optimized HVGP-SHCC mixtures from phase 6 were chosen for nanomodification with
CF. The influence of CF as a nano-reinforcement (presented in Phase 4) as well as CF
effect on nanoengineering interface properties (attempted in Phase 5) are leveraged to
further improve the ductility and strain-hardening behavior of HVGP-SHCC. The use of
CF provided a multi-scale reinforcing system which allowed obtaining composites with
higher strength and ductility than conventional SHCC with high volume fly ash (HVFASHCC). Results of this phase are presented in article 7 [Hisseine et al., 2018d].

Part IV: Scale-up of nanomodified strain-hardening cementitious composites incorporating
high-volume ground-glass pozzolans (nHVGP-SHCC).

In this part, the newly developed

nHVGP-SHCC was scaled-up for structural application (Phase 8). The objective is to transpose
the high-strength and high strain-hardening capacity obtained at the engineering scale toward
structural-size application. An optimized HVGP-SHCC formulation from Phase 7 was scaledup to construct nine full-scale composite deck slabs (with dimensions of up to 2400 × 900 mm).
Test variables include: (i) deck geometry (trapezoidal versus re-entrant), (ii) shear-span (800
and 600 mm), (iii) secondary reinforcement (with or without welded wire reinforcement), (iv)
concrete topping (conventional SCC mixture and the newly developed nHVGP-SHCC), and (v)
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loading regime (static versus cyclic). To provide a comparative assessment, eight composite
deck slabs of similar dimensions to those with HVGP-SHCC were constructed with a
commercial SCC mix designed with similar compressive strength (fc) as the selected HVGPSHCC in an attempt to attenuate the effect of fc on structural performance across the two
different concrete types (nHVGP-SHCC and SCC). Results of this part are presented in article
8.
Part V: Here, the different research findings as well as future perspectives are summarized
through chapter 11 (English version) and chapter 12 (French version).
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Fig. 1. 1 Schematic illustration of research methodology.
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1.5 Thesis structure and original contributions
In line with project phases outlined in the previous section, this thesis comprises eleven chapters
(a schematic of the structure of the thesis is depicted in Fig. 1.2). This includes an introductory
chapter (Chap. 1), a chapter on literature review (Chap. 2), seven chapters (Chap. 3−Chap. 9)
corresponding to seven original research contributions in the form of journal articles, a
supplementary chapter (Chap. 10) on structural application in the form of an article under
preparation, and a concluding chapter (Chap. 11). Chapter 12 is the French version of Chapter
11. In total, eight journal publications were produced from this thesis as detailed below:
Article 1: Hisseine O. A., Omran, A. F., N. Basic, and Tagnit-Hamou, A. (2018) Feasibility of
using cellulose filaments as a viscosity modifying agent. Cement and Concrete
Composites 94: 327–340.
Article 2: Hisseine, O.A., Soliman, N., and Tagnit-Hamou, A. (2018) Cellulose filaments for
controlling autogenous shrinkage in ultra-high-performance concrete. Under review
by the journal of Cement and concrete research.
Article 3: Hisseine, O. A., Omran, A.F., and Tagnit-Hamou, A. (2018) Influence of Cellulose
Filaments on Cement Pastes and Concrete. ASCE Journal of Materials in Civil
Engineering, 30(6): 04018109.
Article 4: Hisseine, O. A, Wilson, W., Sorelli, L., and Tagnit-Hamou, A. (2019) Nanocellulose
for improving mechanical properties of concrete: A macro-to-micro investigation for
disclosing

the

effects

of

cellulose

filaments

on

strength

of

cement

systems. Construction and Building Materials 206: 84–96.
Article 5: Hisseine, O.A., and Tagnit-Hamou, A. (2019). Characterization and nanoengineering the interface properties of high-volume glass powder strain hardening
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CHAPTER 2 . Literature Review
2.1 General
In this chapter, the background on nanofiber-modified concrete is attempted within the overall
context of fiber-reinforced concrete (RFC). For this, an overview of FRC is first presented in
section 2.2 [including a brief history of FRC (2.2.1); fiber-type-based classification of FRC
(2.2.2), strengthening mechanism of FRC (2.2.3), and the effect of different fiber scale (macro,
micro, and nano) on FRC strengthening mechanism (2.2.4)]. The discussion on the effect of
different fiber scale on FRC strengthening mechanism attempted in section 2.2.4 is later linked
to the necessity for multi-scale FRC (a blend of nano and macro fibers). As such, nanomodified
concrete is introduced in section 2.3 as a tool to allow designing multi-scale FRC. In this context,
most common nanomaterials in the construction industry [nanopowders (section 2.3.1); and
carbon nano-structures (section 2.3.2)] are reviewed first to provide a ground to facilitate
understanding the general effect of these nano-particles on cement systems before nanocellulose
materials (NCM) are introduced (in section 2.3.3). Finally, the perspectives for leveraging NCM
towards designing nanoengineered fiber-reinforced cementitious composites are attempted in
section 2.3.4.

2.2 Fiber reinforced concrete
2.2.1 Historical overview
The term fiber-reinforced concrete (FRC) is defined by AC1, as a concrete containing dispersed
randomly oriented fibers such as steel, synthetic, glass, or natural fibers [ACI 116R-00, 2005].
The primary purpose of adding fibers to concrete is to inhibit the inherent cracking propensity
of concrete, control its brittleness, and provide reliable post-cracking behavior. While the use of
fibers in modern construction practice emerged with the use of asbestos fibers in the early 1900s,
the original concept of using fibers to reinforce brittle construction materials is not new:
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Horsehair and straw were used to enhance the tensile strength of mortars and sun-baked bricks
since antiquity. However, major research and development in FRC picked-up in the 1960s (with
steel, glass, and synthetic fibers) following the identification of health risk associated with the
use of asbestos [Romualdi and Mandel, 1964]. A more detailed historical review of FRC can be
found in Naaman [1985], Zollo [1997], and Beddar [2004].
While initial research and development in FRC focused mainly on steel fibers for their high
strength and elastic modulus allowing improved crack resistance, ductility, and toughness to
cement composites [Dixon and Mayfield, 1971; Johnston and Colin, 1974; Naaman, 1985],
currently, a wide-spectrum of fibers are commercially available (Fig. 2.1) for different FRC
applications. This includes mainly, steel fibers, synthetic fibers, glass fibers, and natural fibers
[ACI 544, 2002]. Continuous research and development in FRC resulted in fibers with enhanced
strength and geometry to respond to specific application requirements. Thus, different fibers
with high tensile strength, elastic modulus, and adapted geometry (e.g. hooked-end, flat-end,
crimped etc. for steel fibers and twisted, fibrillated, waved, etc. for polymeric fibers) have also
been made available. Depending on the application, fibers with desirable mechanical properties
and geometry may be chosen. Thus, some fibers such as steel and high strength polymeric fibers
can be used for structural applications to reduce the amount of passive reinforcement in
reinforced concrete elements such that reinforcement congestion may be attenuated [Johnston
and Colin, 1974; Soltanzadeh et al., 2015]. Some other fibers (e.g. polymeric fibers) may be used
to impart crack resistance and enhance post-peak strength. Other types (e.g. polymeric fibers,
natural fibers, etc.) may be utilized for controlling temperature/shrinkage cracking, plastic
shrinkage in fresh concrete or drying shrinkage [Onuaguluchi and Banthia, 2016]
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Fig. 2.1: Common fibers used in FRC technology, adapted from Lö fgren [2005].

2.2.2 Classification of FRC based on fiber type
Based on fiber type, four major categories of FRC can be identified: (i) steel fiber FRC;
(ii) synthetic fiber FRC; (iii) glass fiber FRC; and (iv) cellulose fiber FRC.

2.2.2.1 Steel Fiber Reinforced Concrete (SFRC)
Steel fibers are the most commonly used in FRC owing to their elastic modulus compared to
that of concrete as well as their high tensile strength thereby providing concrete with higher
tensile capacity and significantly enhanced post-cracking strength and toughness [Altun et al.,
2007]. Major effects of steel fibers on fresh properties consist of the balling of fibers (for long

thin fibers), the increased demand in superplasticizer dosage necessary to compensate for slump
loss as well as the increased demand in vibration to avoid fiber balling [Balaguru and
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Ramakrishnan, 1986]. For hardened properties, steel fibers impart higher post-crack strength
and ductility to the matrix. The effect of steel fibers on compressive strength is moderate (015%) at 1.5 vol. % of fibers, however the effect on tension capacity is more phenomenal (30 to
40%) at 1.5 vol. % of fibers [Johnston, 1974]. This was also found to lead to enhanced durability
aspects due to the reduced cracking which lowers the ingress of deteriorating agents [Rapoport
et al., 2002; Grzybowski and Shah, 1990]. The most characteristic feature of SFRC is toughness,
which is determined by the standardized slow flexure methods, JSCE SF-4 [JSCE, 1986] and
ASTM C 1018 method [ASTM, 1997].

2.2.2.2 Synthetic fiber reinforced concrete (SNFRC)
Synthetic fibers (SNF) are man-made fibers ensuing from the petrochemical industry. Common
SNF types are acrylic, carbon, nylon, polyester, polyethylene, polypropylene, and polyvinyl
alcohol. Some advantages of SNF include the high strength to weight ratio. However, melting
at high temperature is a concern. Some researchers report that the melting of SNF would rather
create internal channels to release the thermal stresses, thereby attenuating cracking predilection
of concrete [Altoubat and Hisseine, 2016]. Fresh properties of SNFRC vary across the various
types of SNF. However, the salient feature is the reduced workability (due to the increased
surface area of fibers) if superplasticizers were not used. Yet, SNFs reduce bleeding and
segregation [Vondran, 1990]. Hardened properties of SNFRC depend on the loading type. For
instance, there is no noticeable effect on the compressive strength apart from altering the failure
mode into a less brittle one. Much effect of SNFs is in flexural toughness and post-cracking
behavior. The toughness of SNFRC is determined using the ACI method [ACI 544.2R, 2002]
and ASTM C1018 [ASTM, 1997]. In both cases the toughness index depends to a large extent
on the loading method (load-controlled Vs deflection controlled) and the estimate of the firstcrack load. Therefore, caution should be exercised in interpreting published toughness results.
SNFs are also effective in controlling cracking resulting from volume changes due to plastic
and drying shrinkage [Noushini et al., 2014].
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2.2.2.3 Glass fiber reinforced concrete (GFRC)
Glass fibers (GF) are fine filaments manufactured from silicate-based substances with the most
common types being the E-glass (alumino-borosilicates) and A-glass (alkali-lime). For the high
silicates content of glass fibers, the first attempts of their use in cement were hampered by their
embrittlement. This stimulated the development of alkali-resistant glass fibers. The most salient
application of GFRC composites is for aesthetical elements. The hardened properties of GFRC
in such applications is a function of several factors including fiber content, polymer content,
water-cement ratio, and curing. GFRC composites typically possess considerable load and strain
capacity beyond the matrix cracking strength [ACI 544.2R, 2002].
In spite of their high strength, GFRC composites were found to soon lose strength due to
either the alkali attack on the fibers which reduces fiber tensile strength, or due to the infiltration
of the hydration products to fiber bundles, increasing the bond to individual glass filaments,
reducing fiber pull-out [Mobasher and Shah, 1989]. Preventive measures include the addition
of polymers to protect individual glass filaments from alkali attack and partially fill the spaces
between the filaments; thereby reducing the effects of fiber embrittlement [Van der Plas, 1991].
Another strategy is to apply to the fibers an alkali resistant coating to reduce the affinity of GF
for calcium hydroxide. Zirconium oxide (ZrO2) was also found to impart noticeable
improvements in fiber tensile strength retention.

2.2.2.4 Natural fiber-reinforced concrete (NFRC)
Natural fibres (NF) are natural composites with a cellular structure and have different
proportions of cellulose, hemicelluloses, and lignin content (Fig. 2.2). Whereas cellulose is a
polymer containing glucose units and hemicellulose is a polymer made of various
polysaccharides, the lignin is an amorphous and heterogeneous mixture of aromatic polymers
and phenyl-propane monomers. Additionally, NF also contain other minority components such
as water, proteins, peptides and inorganics.
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Fig. 2.2: Microstructure, Molecular structures of natural fiber cell wall [Wei and Meyer, 2015].

NF were demonstrated efficient in controlling plastic shrinkage [e.g., 99% reduction in crack
width and total crack area with only 0.3% by volume [Boghossian and Wegner, 2008],
mitigating drying shrinkage [e.g., 86% reduction in crack width with only 1% by volume
[Kawashima and Shah, 2011], and improving the mechanical performance of cement
composites [e.g., 20–50% enhancement in flexural strength and fracture toughness when an NF
dosage of 2–16% by weight was considered [Sedan et al., 2008; Morton et al., 2010; Merta and
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Tschegg 2013]. However, untreated NF exhibit two major handicaps: (i) variation of fiber
properties, and vulnerability to the alkaline medium of cement [Ardanuy et al., 2011].
The composition of NF varies largely across fiber origin (wood, non-wood), part of the plant
where the NF is extracted (bast, leaf, stalk, seed), and form of the fibers (strand, staple, pulp).
These varieties can lead to inconsistence in fiber mechanical properties, which in turn result in
variations in concrete performance [Aziz et al., 1981]. On the other hand, the vulnerability of
NF in the alkaline medium of cement is attributable to the alkaline degradation of some fiber
components such as lignin, hemicellulose, pectin, and soluble sugars [Onuaguluchi and Banthia,
2016]. NF degradation in cement systems is mainly attributed to the fiber mineralization owing
to the migration of calcium hydroxide (CH) from cement hydration toward fiber lumen
[Ardanuy et al., 2011]. Currently, a set of proven techniques are available to overcome the
drawbacks of NF. Fiber pre-treatment techniques such as hornification (stiffening the polymer
structure of NF upon water removal) are used to enhance fiber stability and performance in
cement composites [Ferriria et al., 2016]. Another preventive measure is the accelerated
carbonation. It allows the quick reaction of CH with CO2 resulting in calcium carbonate CaCO3,
thereby not reducing the risk of fiber mineralization by CH, but also reducing matrix porosity,
enhancing matrix strength and durability through the formation of CaCO3 [Tonoli et al., 2010;
Soroushian et al., 2012]
On the other hand, supplementary cementitious materials (SCM) are also used to mobilize
pozzolanic reaction to consume CH, reduce fiber embrittlement, and produce supplementary CS-H to densify the matrix and improve its mechanical performance [Toledo Filho et al., 2003;
Mohr et al., 2007; Melo Filho, 2013].

2.2.3 Strengthening mechanism of FRC
Properties of FRC are influenced by the underlaying strengthening and toughening mechanism
offered by the fibers. This is primarily governed by the three composite constituents (fiber,
matrix, and fiber/matrix interface properties) [Li and Stang, 1997]. Consequently, the properties
of FRC composites are influenced directly by (i) the ability of the fibers to transfer loads across
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cracked sections (also referred to as fiber bridging capacity), which is mobilized by (ii)
fiber/matrix interfacial bond and, (iii) fiber capacity to withstand rupture [Lin et al., 2009].
These are known to consume increasing fracture energy depending on fiber characteristics,
particularly, length, tensile capacity, bond with the matrix, and fiber count. As such, Anderson
[2005] showed that the fracture of steel fiber-reinforced concrete composite undergoes a 5-step
process that includes: Fiber rupture, fiber pull-out, fiber birding, fiber/matrix debonding, matrix
cracking, and crack front debonding (as shown in the figure below).

Fig. 2.3: Fracture mechanism of FRC; reproduced from Anderson [2005].

2.2.4 Effect of fibers on pre- versus post-cracking mechanism
In light of the above-described mechanism, it should be noted that conventionally used fibers in
FRC often control the post-cracking mechanism, once the initial cracking of matrix takes place.
Here, fibers bridge the cracks and transfer stresses across matrix-cracked sections. In this regard,
when fibers having a tensile strength higher than that of the matrix are used, the presence of
fibers can limit crack propagation by the bridging effect [Narwal et al., 2013; Mo and Yap,
2014]. Fiber bridging mobilizes fundamentally fiber/matrix interfacial bond; the reason for
which deformed fibers (hooked end, twisted, corrugated, flat ended, etc.) significantly enhance
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the post-cracking response owing to the higher energy consumed during fiber pull-out [Yan et
al., 1999; Naaman, 2003]. Nevertheless, it should be noted that considering the multiscale nature
of cracking in concrete, the effect of conventionally used macrofibres in effectively arresting
multiscale cracking is not evident. This justifies why macrofibers commonly used in FRC
(within practical fiber dosages) have limited influence on cracking strength, but rather influence
the post-cracking stage. Thus, it is legitimate to believe that composites incorporating more than
one scale of fibers will exhibit improved performance.
In the context of this research [where nanoscale cellulose filaments (CF) are to be valorized to
enhance the performance of concrete], it is perceivable that when CF is used in conjunction with
macrofibers, a multiscale FRC may be obtained. Based on the work of Rossi et al. [1987] on the
influence of two scales of fibers (micro and macro), and that of Lö fgren [2005] on macrofibers,
a novel description for the combined effect of three-scale fibers (nano, micro, macro) was
proposed in this study as shown in Fig. 2.4. For this, three scales of cracks were inferred form
the multiscale nature of cracking in concrete [Afroughsabet, 2016]. This includes: (i)
nanocracks, (ii) microcracks, and (iii) macrocracks.
Nanocracks are those cracks intrinsic to the heterogenous microstructure of the cementitious
system and thus they exist in the matrix even before any external loading is applied [Kwak and
Filippou, 1990]. These cracks are attributable to residual mechanisms such as residual thermal
strains or volumetric instabilities accompanying cement hydration (such as chemical,
autogenous, plastic, and drying shrinkage). In this perspective, nanocracks exist within the
microstructure of the bulk cementitious matrix itself and contribute to forming the porous
network. Those are the cracks which can be found between the hydrates (e.g. C-S-H, CH, Aft,
Afm, etc.) and the bulk matrix or within the skeleton of the hydrated system itself. Therefore,
pre-existing nanocracks prevail within the elastic stage designated by A in Fig. 2.4. Microcracks
are initiated as a result of widening-up of pre-existing cracks (nanocracks) upon loading which
extends the nanocracks [in the hydrated system, the bulk cementitious matrix, and the pasteaggregate interfacial transition zone (ITZ)] to the microscale. Thus, microcracks are considered
to prevail once the linear elastic stage designated by B is surpassed. Macrocracks, on the other
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hand, emerge as a result of loading levels exceeding the elastic limit. Thus, as stresses are
increased from the elastic limit B to a point of microcrack saturation C, microcracks coalesce
and lead to damage localization into macrocracking at point D which correspond to ultimate
capacity. The extension of the curve beyond point D depends majorly on the presence of fibers
or not and on the scale of fibers used (nano, micro, macro) as to be elaborated in the following
paragraphs.

Fig. 2.4: Schematic illustration of the effect of different fiber scale (nano, micro, macro) on
the fracture behavior of concrete, inspired from the work of Lö fgren [2005] on macrofibers.

The effect of different fiber scales on FRC mechanism can be interpreted in light of the abovedescribed multi-scale cracking nature in concrete. Generally, macrofibers are efficient in
improving the post-cracking performance once macrocracks are already formed. Micro and
nanofibers, on the other hand, can alter the fracture mechanics at, respectively, the micro and
nanoscale which can govern the response prior to the rupture strength. Nonetheless, the effect
of micro and nanofibers on the post-cracking stage can be restrained by their smaller size such
that when macrocracks are formed, controlling their growth with micro /nanofibers is not
evident.
As such, a plain system (the curve in red) would experience a rapid loss in load-carrying ability
as the applied stresses exceed the elastic limit B causing saturation of microcracks (C) and their
localization into macrocracks marking the ultimate capacity (D). This can be followed by a small
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bridging and branching tail at end of the curve corresponding to aggregate bridging effect [Shah
et al., 1995]. The addition of macrofibers (curve in black) will not affect the elastic limit B, nor
will it affect the growth of microcracks (C) or the ultimate capacity (D). It will rather influence
the drop in the load-carrying capacity DE whereby the presence of macrofibers mobilizes a
transfer of stresses from the cracked matrix to the bridging fibers such that the drop DE is
attenuated. Furthermore, the branching tail FE can be enhanced compared to that of the plain
system. This corresponds to a coupled effect of a small contribution form aggregate bridging
and a significant contribution from macrofiber bridging [Li and Maalej, 1996] where the energy
consumed in pulling-out or rupturing bridging fibers extends the branching tail.
The use of microfibers (curve in blue) will influence the elastic limit (B), delay the point of
microcrack saturation (C); thereby enhancing the ultimate capacity (D). This can be associated
with the ability of microfibers to interfere with the widening-up of microcracks prevailing in the
bulk cementitious matrix as well as in the paste-aggregate ITZ. Furthermore, microfibers can
reduce the drop in the load-carrying capacity (DE) and enhance the branching tail (EF) by
blunting the mouth of advancing macrocracks and resisting its widening-up by a bridging effect.
However, for microfibers to be effective in this perspective, a relatively high aspect ratio and
stiffness are indispensable such that the fibers can have sufficient length and strength to restrain
microcracks from unstable growth leading to crack saturation (C) then localization (D) as
suggested by Rossi et al. [1987], Betterman et al. [1995], Nelson et al. [2002], Lawler et al.
[2003], and Stang [1987].
The advantageous effect of microfibers as compared to that of macrofibers on controlling the
growth of microcracks and delaying matrix rupture can be attributed to the fact that at similar
volume fraction to macrofibers, the higher fiber count in microfibers increases their likelihood
to interfere with microcrack saturation (C) and eventually delay the ultimate capacity (D).
Findings by Betterman et al. [1995] support that peak-stress (D) is increased with increasing
fibre volume or decreasing fibre diameter. On the other hand, in the context of the improved
pre-peak behavior with microfibers versus the reduced effect on post-peak behavior,
observations by Lawler et al. [2003] proved that in the presence of microfibres, microcracks
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were prevented from widening. However, the presence of microfibers had reduced effect on the
length growth of microcracks which eventually saturated (C), coalesced into macrocracks (D),
and eventually degradation in load-carrying capacity was inevitable as microcracks have a lesser
effect on post-peak behavior. Comparable observations were made by Nelson et al. [2002] in
their investigation on polyvinyl alcohol (PVA) microfibers as well as on cellulose microfibers.
Finally, for nanofibers, considering their nanoscale dimension allowing them to interact with
cement hydrates which are also nanometric in size, it can be perceived that incorporating
nanofibers in the cementitious matrix can allow intercepting the nanocracks which are intrinsic
to the heterogenous microstructure of cement system. Thus, nanofibers can allow reducing or
otherwise interfering with pre-existing cracks caused by residual mechanisms such as residual
thermal strains or volumetric instabilities accompanying cement hydration. In this regard, a
nanofiber-reinforced system (the curve in doted red) can exhibit the following: (i) higher elastic
limit (B) due to the effect of nanofibers on interacting with cement hydrates and enhancing the
micromechanical properties of C-S-H [Konsta-Gdoutos et al., 2009; Sanchez and Sobolev,
2010], (ii) delayed microcrack saturation (C) by blunting the edges of microcracks and
interfering with their growth into macro-cracks, thereby improving the peak stress (D).
Nonetheless, the effect of nanofibers remains significantly pronounced at the pre-peak stage (i.e.
prior to the formation of macro-cracks). This is because nanofibers offer a toughening effect
which is nonetheless limited by their nanoscale size such that bridging nano/microcracks is quite
evident while the formation of macrocracks (once started) causes an abrupt degradation in load
carrying capacity. This is reflected by the curve segment DEF showing more drop in the loadcarrying capacity (DE) and a reduced effect on the branching and bridging tail (EF).
Consequently, a cementitious system combining more than one scale (nano, micro, macro)
(curve in doted green) is expected to result in a synergetic effect, such that both pre-peak and
post-peak behaviors are improved as suggested by Betterman et al. [1995], Markovic et al.
[2004] and Meda et al. [2004].
It should be noted that the enhanced elastic properties and pre-peak behavior with nanofibers
are not only the result of increased fiber count owing to the reduced fiber size, but also the result
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of intrinsic properties of nanomaterials. For instance, the higher elastic modulus reaching the
order of tera pascals (TPa) in carbon nanostructures [Lee et al., 2008] or that of nanocellulose
materials (NCM) where the crystalline portion can have elastic modulus in the order of 138 GPa
[Sakurada et al., 1962] can mobilize higher composite elastic modulus. Moreover, the
nanometric scale of those materials can catalyze reactivity and provide nucleation sites for the
growth of hydration products. In carbon nanotubes (CNT), for instance, nanoidentation
assessment by Konsta-Gdoutos et al. [2009] suggest that CNT can strongly modify and reinforce
the nanostructure of the cementitious matrix such that higher amount of high stiffness C-S-H
and reduced nano-porosity can be achieved with as little CNT addition as 0.10% per cement
mass. This was found to particularly improve the elastic modulus by more that 50%. The
significant improvement in elastic properties offered by CNT were found elsewhere to buttress
substantial enhancement in overall mechanical performance, particularly in tensile strength,
flexural capacity and fracture properties. See Lee et al. [2008]; Konsta-Gdoutos et al. [2009];
Konsta-Gdoutos et al. [2010a]; and Konsta-Gdoutos et al. [2010b].
With NCM, on the other hand, the high surface area and omnipresence of surface hydroxyl
(OH−) groups [Khazraji and Robert, 2013] can lead to surface reactivity and interactions with
hydrates containing hydrogen in their structure, namely C-S-H and CH [Hoyos et al., 2013]. As
a result, C-S-H gel matrix with higher micromechanical properties can be obtained as reported
by Cao et al. [2016a] indicating that the use cellulose nanocrystals (CNC) increases the stiffness
of high-density calcium-silicate-hydrate (C-S-H) surrounding unhydrated cement particles.
Similarly, Flores et al. [2017] reported that the incorporation of CNC results into a larger volume
fraction of high-density C-S-H and a smaller volume fraction of low-density C-S-H. The above
reported effect of NCM on altering the microstructure properties of cementitious systems can
explain the substantial increase in macromechanical performance. Onuaguluchi et al. [2014]
reported enhancement in flexural strength and flexural toughness of up to 108 and 186% when
nanofibrillated cellulose (NFC) was incorporated of 0.05-0.40% per cement mass into cement
paste matrix with water-to-cement ratio (w/c) of 0.50. Cao et al. [2015] recorded flexural
strength enhancement of 20%-30% upon the incorporation of CNC at rates of 0.1-1.2% per
cement mass in cement paste with w/c=0.35. Theses findings were also supported by those of
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Peter et al. [2009] and Ardanuy et al. [2012] on CNF; and that of Hoyos et al. [2013] on
microcrystalline cellulose (MCC). In light of the former discussion on the effect of macrofibers
on the post-peak behavior, the enhancements imparted by nanofibers on pre-peak properties
offer an opportunity to design FRC composites with improved pre-peak and post-peak
performance. Further details about nanofibers in concrete will be covered in the next section
within the overall context of nanomaterials in concrete.

2.3 Nanomodified concrete
Nanotechnology involves manipulating matter and materials at scales below 100 nm [Ashby et
al., 2009]. The application of nanotechnology in the concrete industry is still an emerging field
where research is presently very active. Nonetheless, it is well established that nanomaterials
can be incorporated into concrete matrices such that a nanomodified concrete is obtained.
Nanomodified concrete refers to a concrete obtained by incorporating nanometer objects to
engineer concrete nanostructure and control its macrobehavior [Jennings et al., 2008] in order
to achieve tailored and multifunctional cementitious composites with superior mechanical
performance and durability [Sanchez and Sobolev, 2010]. The opportunities offered with
nanomodification of concrete stem for the radically different material properties as well as
material purity and compositional consistency dictated a lower scale. Furthermore, the reduction
in particle size significantly increases specific surface area (Fig. 2.5), which in turn has a
significant effect on microstructure properties and eventually on mechanical performance. The
following sections are dedicated to reviewing existing research on the effect of nanoparticles in
concrete including (briefly) nanopowders (section 2.3.1), carbon nanostructures (section 2.3.2),
and (more detailly) nanocellulose materials (NCM) (section 2.3.3).
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Fig. 2.5: Relationship between particle size and specific surface area as related to the
constituents of different classes of concrete reproduced from Sanchez and Sobolev [2010].

2.3.1 Nano-powders in cement composites
The term nanopowder has been introduced herein to make a distinction between nanoparticles
with spherical or irregular shape as contrasted to nanoparticles with rod-like shape exhibiting
high aspect ratio, also referred to as nanofibers (such as graphene-based nanofibers, calcium
carbonate nanowhiskers, and nanocellulose materials). The addition of nanopowders is
primarily motivated by enhancing the microstructure of the cementitious matrix as well as to
impart some specific desirable properties at fresh state (such as rheological modification) or at
hardened state such as surface finishability or self-cleaning features. Existing investigations on
nanopowders covered mainly nanometal oxides, namely, nano-SiO2, nano-TiO2, nano-Fe2O3,
nano-Al2O3. Among these, nano-SiO2 and nano-TiO2 have been the most widely researched. For
further depth, the reader is invited to consult Sanchez and Sobolev [2010]; Singh et al. [2012];
and Kontoleontos et al. [2012].
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2.3.1.1 Nano-SiO2
Owing to their extreme finesse and high surface area (50-750 m2/g) [AkzoNobel, 2010], nanoSiO2 particles exhibit a remarkable filler effect which can mobilize higher packing density,
reduced capillary porosity, and significantly enhanced mechanical performance. For this, nanoSiO2 were found to influence the properties of cement matrices through a twofold effect, physical
and chemical. In the physical effect, the high surface area of nano-SiO2 grains allows nucleation
sites to accelerate the hydration process by fostering the precipitation of Ca2+ ions. See Jo et al.
[2007]; Senff et al. [2009]; Ltifia et al. [2011]; Madani et al. [2012]; and Hou et al. [2013]. For
the chemical effect, the highly silicate-reach nano-SiO2 promote a pozzolanic reaction
consuming the relatively cleavable CH crystals and producing supplementary C-S-H gel,
disconnecting porosity and enhancing mechanical and durability aspects [Singh et al., 2012]. The
accelerated hydration with nano-SiO2 was also accompanied with higher heat of hydration
[Bjornstrom et al., 2004], while the above-mentioned combined effect of nucleation and
pozzolanicity promote denser microstructure with lesser amount of CH crystals as demonstrated
by Jo et al. [2007]; Singh et al. [2012]; Kontoleontos et al. [2012]. As an example of
enhancement in mechanical performance, the incorporation of 5% nano-SiO2 into cement paste
was found to increase the compressive strength at 1 day and 28 days by, respectively, 64 and 35%
[Singh et al., 2012].

2.3.1.2 Nano-TiO2
Nano-TiO2 is a mineral present under two forms (rutile and anatase) and serves as a
photocatalyst under UV light as it oxidizes water to create hydroxyl (OH) groups. It can also
oxidize oxygen or organic materials directly. As such, nano-TiO2 is added to confer sterilizing,
deodorizing and antifouling properties to paints, cements, windows and tiles. The photocatalysis effect of nano-TiO2 allows to nano-engineer cement composites with auto-cleaning
features [Sanchez and Sobolev, 2010]. An example of actual applications of this feature is
depicted in Fig. 2.6. On the other hand, the high density of nano-TiO2 (3.9 g/cm3) and the higher
hardness can be leveraged to impart higher mechanical strength and durability aspects to cement
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composites. Nano-TiO2 was found to promote cement hydration through providing germination
sites for C-S-H. Jalal et al. [2013] reported that the incorporation of nano-TiO2 in partial
replacement of cement at 4wt.% accelerated the formation of C–S–H gel as a result of increased
crystalline Ca(OH)2 amount at the early age of hydration. This resulted in an improved
microstructure, reduced porosity, and enhanced mechanical and durability features. Findings by
Zhang et al. [2011] as well as by Nazari and Riahi [2011] suggest that at an optimum nano-TiO2
of 1% per volume, reduced porosity, enhanced microstructure, and higher compressive strength
can be obtained. Investigations by Chen et al. [2012] showed enhancement in compressive
strength of up to 20% when nano-TiO2 was incorporated at contents of 0-10 wt.% of rutile and
anatase nano particles. For detailed information on the effect of nano-TiO2 on cement systems,
the reader is invited to consult Katyal et al. [1999]; Nazari and Riahi [2011]; Jalal et al. [2013];
Sikora et al. [2015].

Fig. 2.6: The Dives in Misericordia, a church (in Rome, Italy) constructed of TiO2
(Photo courtesy of Frener & Reifer).
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2.3.2 Carbon-nanostructures
Carbon nanostructures (CNS) cover a spectrum of graphene-based nanomaterials such as
graphene, graphene oxide (GO), carbon nanotubes (CNT), and carbon nanofibers (CNF) [Fig.
2.7 (a)-(e)]. Compared to traditional macroscale carbon fibers [Fig. 2.7 (f) and (g)], CNS have
recently attracted an increasing research attention owing to their extremely high aspect ratio,
exceptional strength, elastic behavior and excellent thermal properties. CNS exhibit tensile
strength in the order of GPa and elastic modulus in the order of TPa in addition to unique
thermal, electronic and chemical properties. See Trtik and Bartos [2001]; Sobolev and FerradaGutiérrez [2005]; Sanchez and Sobolev [2010]. Graphene and GO [Fig. 2.7 (a) and (b),
respectively], the simplest form of CNS, represent allotropes of carbon consisting of a single
layer of carbon atoms arranged in a hexagonal lattice. So far, these 1-atom thick almost
transparent structures shape the strongest material ever tested, even stronger than diamond,
while exhibiting high electrical and thermal properties. The fundamental difference between
graphene and GO is that in the latter, the hexagonal carbon networks bear hydroxyl epoxide,
carboxyl or carbonyl groups as a means to foster functionalization. See Lee et al. [2008];
Balandin et al. [2008]; Sheehy et al. [2009]; Zhu et al. [2014]; Chuah et al. [2014]; and Lin et
al. [2017].

Fig. 2.7: A variety of carbon nanostructures (CNS): (a) Graphene, (b) Graphene oxide (GO),
(c) Single-walled carbon nanotubes (SWCNT), (d) Multi-walled carbon nanotubes
(MWCNT), (e) Stacked-cup carbon nanotubes (carbon nanofibers), and (f and g) conventional
carbon fibers. Adapted from Radic et al. [2013] and Hiremath and Bhat [2017].
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2.3.2.1 Carbon nanotubes (CNT) and carbon nanofibers (CNF)
CNT are hollow cylindrical graphene structures obtained by rolling graphene sheets. Precise
rolling results into single-walled carbon nanotubes (SWCNT) [Fig. 2.7 (c)] while multiple
rolling yields multi-walled carbon nanotubes (MWCNT) [Fig. 2.7 (d)] [Lijima and Ichihashi,
1993]. SWCNT have a wall of one atom thick, diameter of 0.3–2 nm, and length > 200 nm,
while MWCNT have multiple walls, diameter of 10–50 nm, and length of 1–50 µm, with
properties slightly lower than those of SWCNT, but at a relatively reduced cost [Kang et al.,
2006].
CNF are composed of multiple concentric nested tubes with walls inclined relative to the
longitudinal axis. CNF are analogous to large diameter MWCNT, but CNF are not continuous
tubes as their surfaces show steps at the termination of each tube wall [Fig. 2.7 (e)], and for this,
CNF are also referred to as stacked-cup carbon nanotubes (SCCNT). CNF have diameters of
65-130 nm, 50–100 µm length [Kang et al., 2006]. They have moderate electrochemical
properties compared to those of CNT, but their relatively larger size compared to CNT allows
better dispersion and easier incorporation into composites. Furthermore, their numerous
exposed edge planes along the surface [Fig. 2.7 (e)] allow higher interaction with the host
matrix. Building upon the initial works of Iijima [1991] on MWCNT and that of Benning et al.
[1992] on SWCNT, considerable possibilities of composite nano-tailoring opened-up in
versatile applications including cement composites. In the latter, significant research
(particularly for CNT) has been conducted by Shah and collaborators [Shah et al., 2009; KonstaGdoutos et al., 2009; Konsta-Gdoutos et al., 2010a; Konsta-Gdoutos et al., 2010b]. See also
Makar et al. [2004]; Makar et al. [2005]; Li et al. [2005]; Li et al. [2007] and much more other
investigators.
Owing to their high surface area, aspect ratio (> 1000) [Xie et al., 2005; Alain et al., 2001], and
excellent mechanical properties, the incorporation of CNT into cement composites opens
significant opportunities for enhancement in composite mechanical performance. Nonetheless,
the major handicap is the dispersion of these hydrophobic materials (with high self-attraction
tendency) inside the hydrophilic cementitious mixtures. This is the reason why early
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investigations on CNT recorded contradicting enhancement in mechanical performance. As a
result, an effective dispersion technique is a fundamental pre-requisite for enhanced composite
mechanical performance.
Makar et al. [2005] dispersed SWCNT and MWCNT by sonication in isopropanol followed by
cement addition, evaporation, and grinding. This produced cement particles coated with CNT.
The authors showed that when CNT are added to cement paste as a pre-mix with gum Arabic (a
water-soluble gum used as a dispersing agent), early-age hydration was increased and that a
strong bond is possible between the cement paste and the CNT. Furthermore, higher
nanoindentation modulus M and hardness H were obtained, while adverse results were obtained
when no dispersing agent was used.
On the other hand, when Cwirzen et al. [2008] introduced MWCNT (0.006–0.042 wt.%
loadings) as a water suspension with surfactant admixtures added, the compressive and flexural
strength didn’t record any improvement. Rather, the bond between the MWCNT and the matrix
was quite weak. Similarly, when Musso et al. [2009] used 0.5 wt.% MWCNT (dispersed using
acetone, ultrasonic vibration, superplasticizer, and a viscosity modifying agent that were added
during the mixing stage) to investigate the effect of MWCNT surface structure (pristine,
annealed, and carboxyl group functionalized), the flexural and compressive strengths were
significantly decreased for functionalized MWCNT. For pristine and annealed MWCNT,
flexural and compressive strengths enhancements of 10–20% recorded.
At improved dispersion of MWCNT using functionalization by grafting polyacrylic acid
polymers to MWCNT, Cwirzen et al. [2008] demonstrated to achieve high mixture workability
and improvement in compressive strength of up to 50% at MWCNT content of 0.045-0.15 wt.%.
Furthermore, when Shah et al. [2009] dispersed CNT in water using surfactant and ultrasonic
energy, CNT content of 0.048 wt.% and 0.08 wt.% was able to increase the elastic modulus of
cement paste by up to 50%. This enhancement can be crosslinked with the microstructure
alterations lead by CNT as supported by the subsequent investigation on nanoindentation of
CNT-cement paste by Konsta-Gdoutos et al. [2009] where CNT was found to modify the C–S–
H, increase the quantity of high stiffness C– S–H, reinforce the cement paste matrix at the
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nanoscale, and decrease the porosity. An example of cement microstructure being altered by the
addition of CNT is shown in Fig. 2.8 where CNT appear to provide a nanoreinforcing agent to
the matrix.
On the basis of some of the above promising results and much others, several recent
investigations have leveraged CNS for the development of cement composites with improved
performance. To mention only a few, we have, self-sensing CNT-cement composite for traffic
monitoring [Baoguo et al., 2009]; self-sensing CNT-reinforced ultra-high-performance concrete
(UHPC) [Seung et al., 2018], improved mechanical performance in CNF-reinforced UHPC
[Sbia et al., 2014]; reduced crack resistance due to drying shrinkage in cement mortars
[Hogancamp et al., 2017]; synergetic effect between nanofibers and macrofibers for hybridreinforced UHPC [Ngoc and Kim, 2017], increased tensile strength, flexural capacity and
energy absorption capacity with CNS-reinforced UHPC [Meng and Khayat, 2016], and blending
MWCNT with macrofibers for enhancing the initial cracking fracture toughness to produce high
toughness cementitious composites [Xu et al., 2019].

Fig. 2.8: Crack bridging in cement-CNT composites [Makar et al. 2005].
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2.3.2.2 Graphene oxide (GO)
Among all carbon nanostructures (CNS), GO is the latest material introduced following its
discovery in 2010. Masse investigations about this new material started right after its 2010
Nobel price extraction process developed by Geim and Novoselov from the university of
Manchester, UK. Using graphite and simple regular tools such as adhesive and tape, Geim and
Novoselov were able to obtain a flake of carbon with a thickness of one single atom exhibiting
the highest possible strength of so far tested materials. Coupled with exceptional electrical,
sensing, thermal, and transparent features, GO has now found a way in versatile applications
particularly in transparent electronics, biomedical, water treatment, etc. By 2011, investigations
on the use of GO in cement campsites have also appeared.
Additional to the intrinsic properties of all CNS such as high strength, elastic properties, and
high surface area, what distinguishes GO is the extremely thin structure (at 1-carbon atom
thickness) with hexagonally arranged carbon atoms providing extreme strength. Investigations
in GO-cement composites indicate that the atomic-size GO has a significant effect on cement
hydration kinetics [Lv al., 2013a; Lv et al., 2014; Lv et al., 2016]. One of the most debated
features of GO-cement composites is the petal-like hydration products observed by Lv et al.
[2013] whereby cement hydrates tend to be well-ordered in crystalline or petal-like shapes [see
Fig. 2.9]. For this, Lv et al. [2013] reported that the incorporation of GO led to smaller and more
uniform pores. He ascribed this feature to the high strength and ordered structure of GO favoring
the growth of cement hydration products in a more ordered manner, imparting the so-called
template effete. Later on, investigations by Wang et al. [2015], and recently by Jiang and Wang
[2017] supported the finding of Lv et al. [2013]. However, Horszczaruk et al. [2015] showed
that no significant effect on cement hydration product can be obtained with GO. Subsequently,
Cui et al. [2017] further rebutted the template effete and the consequent formation of petal-like
hydration products, which, for him are not part of hydration products, but just calcium carbonate
due to the carbonation reaction when preparing the sample of cement composites.
Despite this controversy, what is well-established is that incorporating such tiny materials with
high strength and ordered structure as GO should alter the microstructure. For this, further work
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by Lv et al. [2016] and Lv et al. [2017] explored the mechanism underpinning the formation of
petal-like hydration products in GO-cement composite as illustrated in Fig. 2.10. This opened
further opportunities to target a controlled altering of the microstructure of cement composites
reinforced by GO in order to achieve the desired performance of composite materials [Xu et al.,
2018]. That said, despite the controversy regarding the template effect, available investigations
on GO-cement composites are in concord about increased mechanical performance. A wide
range of strength increase rate of GO-reinforced composites, from 15% to 160% in compressive
strength, 18%–185% in split tensile strength increase was recorded, with a wide range of
strength increase being partly associated with mixture percentage differences of GO in cement
composites (i.e., from 0.02% to 4%) as well as the preparation of GO samples. See Lv et al.,
[2013]; Chen et al. [2015]; Shang [2015]; and Horszczaruk et al. [2015].
Having addressed the overall behavior of cement composites incorporating nanopowders in
section 2.3.1 and carbon nanostructures in section 2.3.2, the general effect of these already
widely investigated nano-inclusions in cementitious systems has set the basic concepts to
understand the effect of nanocellulose materials (the main topic of this research) on cementitious
composites. NCM have been utilized in the field of polymer composites for several years, but
their incorporation into cement composites is a new research direction that has just emerged.
Section 2.3.3 is devoted to recapitulating existing literature on NCM characteristics as well as
the limited available investigation on their effect on cement composites.

Fig. 2.9: Cement hydration products in crystalline or petal-like shapes in the presence of
graphene oxide (GO) (adapted from Lv et al. [2013].
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Fig. 2.10: The mechanism of formation of petal-like hydration products in graphene-oxide
cement composite. Figure adapted from Lv et al. [2016].

2.3.3 Nanocellulose Materials (NCM)
NCM are plant-based cellulosic materials of nano/micro dimensions with cellulose being the
fundamental building block.

2.3.3.1 Structure of cellulose
Cellulose is an organic compound belonging to the family of polysaccharides and is the primary
structural component of the cell wall of green plants and many forms of algae. Moon et al.
[2011] describe cellulose as a naturally occurring polymer consisting of a linear chain of ringed
glucose molecules with a flat ribbon-like conformation. Fig. 2.11 (a) illustrates the repeat unit
of cellulose polymers. The repeat unit consists of two anhydroglucose rings [(C6H10O5)n]; with
n = 10 000 to 15 000, where n depends on the cellulose source material. These two anhydrous
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rings are linked together via oxygen covalently bonded to C1 (of one glucose ring) and C4 (of
the adjoining ring) resulting into the so-called 1→4 linkage also known as β 1–4 glucosidic bond
[Samir et al., 2005].
The above-described molecular structure stimulates several intrinsic properties of cellulose
polymer: (i) a stable linear configuration (promoting on-axis stiffness) resulting from the
intrachain hydrogen bonding between hydroxyl groups and oxygens of the adjoining ring, (ii)
an intrinsic tendency to parallel staking of multiple cellulose chains (fostering the formation of
elementary fibrils that further aggregate into larger microfibrils) due to van der Waals and
intermolecular hydrogen bonds between hydroxyl groups and oxygens of adjacent molecules,
(iii) high axial stiffness (imparting inherent strength to plant-based materials) due to intra- and
inter-chain hydrogen bonding network culminating into stiff cellulose microfibrils [Fig. 2.11
(b)]. Those microfibrils constitute the fundamental building block in trees, plants, some marine
creatures (tunicates), algae, and some bacteria [Moon et al., 2011].
The structure of cellulose fibrils (resulting from parallel stacking of cellulose chains) consists
of regions with highly arranged cellulose chains (also referred to as crystalline regions)
interrupted with less ordered regions (also referred to as amorphous regions). During the
extraction process of NCM, the amorphous regions are eliminated via acid hydrolysis for
instance to yield cellulose nanocrystals (CNC) [Fig. 2.11 (c)].
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Fig. 2.11 Schematics illustration the structure of cellulose: single cellulose chain repeat unit
(a), idealized cellulose microfibril configurations of the crystalline and amorphous regions (b),
and (c) cellulose nanocrystals after acid hydrolysis. Figure adapted from Moon et al. [2011].

2.3.3.2 Hierarchical structure of cellulose
The structure of cellulose addressed earlier is the driving force for the inherent strength in
cellulose-based systems. This can also be linked to the complex hierarchical structure of
cellulose spanning from the atomic/molecular scale (cellulose units), to the nanometric-scale
(cellulose individual fibers), to the micrometric scale (cellulose microfibers), to the centimeterscale (cellulose macrofibers), to the macro-scale (trees). In a top-down approach, we can see
that wood pulp is made of a large amount of cellulose macrofibers. The wall structure of
cellulose macrofibers is composed of bunches of closely stacked cellulose macrofibrils
organized around a cavity called a fiber lumen. A single cellulose macrofibril is composed of
tiny bands of cellulose microfibrils, which, when peeled axially, individual microfibrils are
obtained (Fig. 2.12). Each individual microfibril is composed of crystalline and amorphous
domains such that when the amorphous domains are removed with acid hydrolysis, cellulose
nanocrystals (CNC) are obtained. As the research in NCM has just picked up and is currently
very active, there is not yet a consensus on terminologies. Thus, the end individual cellulose
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microfibrils (containing amorphous regions interrupted with crystalline regions) are also termed
as microfibrillated cellulose (MFC), or nanofibrillated cellulose (NFC)/cellulose nanofibers
(CNF), or cellulose filaments (CF), bearing in mind the difference in the extraction process
leading to variation in microfibrils diameter, length, and consequently aspect ratio. However,
for the crystalline regions, there is a terminology consensus which is cellulose nanocrystals
(CNC) or alternatively nanocrystalline cellulose (NCC) which are interchangeably used to refer
to the same element.

Fig. 2.12: Hierarchical structure of cellulose. The figure depicts cellulose as an intrinsic
building block within a structured hierarchy (from the molecular/atomic scale to the macro
scale) imparting inherent strength to plant-based systems. Figure adapted from article 4
[Hisseine et al., 2019a] published in the context of this research.

2.3.3.3 Nanocellulose materials and opportunities in composite
The complex hierarchical structure of NCM as well as the intrinsic properties such as the high
surface area, high on-axis stiffness, and high functionality additional to excellent strength
properties surpassing those of some traditional reinforcing materials (Table 2.1), NCM paved a
path to versatile application as a sustainable candidate for the development of green high-
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performance bio-composites. The versatility of NCM is mainly driven by the highly
functionalizable cellulose polymers as well as from the remarkable nanoscale reinforcing
potential of the axially-very stiff cellulose chains [Foster et al., 2018]. In this regard, NCM
unveiled opportunities in composite design which were impossible to achieve with macroscale
natural fibers (for being too large to exhibit surface reactivity) or with molecular cellulose (being
too tiny to impart a reinforcing ability to composites) as highlighted by Moon et al. [2011]. The
increased surface area of NCM allows intimate adherence with the host matrix through chemical
reactions driven by hydrogen bonding (not evident with macroscale natural fibers), while
conserving high transversal isotropic stiffness, which provides an effective nanoscale
reinforcement (not evident with molecular cellulose). NCM provide further capabilities to
overcome some of the drawbacks of cement composites reinforced with macroscale natural
fibers, such as the low elastic modulus [Jarabo et al., 2012], poor compatibility between fiber
and matrix [Faruk et al., 2012], and inconsistency in fiber properties leading to variation in
concrete quality and performance [Aziz et al., 1981].
With this, NCM have emerged in the last few years as highly potential candidates to respond to
the ever-increasing demand for products made from renewable and sustainable resources. Products
that are biodegradable, non-petroleum based, carbon neutral. Products which are exhibiting the
lowest environmental, animal/human health and safety risks Moon et al. [2011]. As such, NCM
have found applications in such versatile applications as adhesives, polymer reinforcement,
nanocomposites, transparent flexible electronics, cosmetics, and bio-based polymer composites
[Moon et al., 2011; Goodsell et al., 2014; Habibi et al., 1980].
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Table 2. 1. Properties of cellulose and other reinforcing materials Moon et al. [2011].
Material
Kevlar-49 fiber
Carbon fiber
Steel Wire
Clay Nanoplatelets
Carbon Nanotubes
Boron nanowhiskers
Crystalline cellulose

Density
ρ (g/cm3)
1.4
1.8
7.8
−
−
1.6

Tensile strength,
σf (GPa)
3.5
1.5−5.5
4.1
−
11-63
2−8
7.5−7.7

Axial elastic
modulus, EA(GPa)
124-130
150-500
210
170
270-950
250-360
110-220

Transversal elastic
modulus, ET (GPa)
2.5
−
−
−
0.8−30
−
10−50

References
Kawabata et al. [1993]; Callister et al. [1994]
Callister et al. [1994]
Callister et al. [1994]
Hussain et al. [2006]
Yu et al. [2000; Salvetat et al. [2006]
Ding et al. [2006]
Source references in Table 2.2

Table 2. 2. Mechanical properties of common nanocellulose materials (compiled from different sources by Moon et al. [2011].
Axial elastic
modulus, EA(GPa)

Transversal elastic
modulus, ET (GPa)

Tensile strength,
σf (GPa)

Tensile strain
𝜀 (%)

Protocol

Wood fiber
Plant fiber

14−27
5−45

−
−

0.3−1.4
0.3−0.8

4−23
13−8

Tensile test
Tensile test, Raman spectroscopy

MCC

25±4

−

−

−

MFC and NFC

N/A

−

−

−

Plant CNC

57

−

−

−

Raman spectroscopy

Wood CNC

−

18−50

−

−

AFM Indentation

78±17

−

−

−

AFM−3-point bend

114

−

−

−

Raman spectroscopy

−

−

XRD

−

−

IXS

Material

BC
CelluloseIβ -Experimental
-Modeling

120-138
220±50

15 ± 1

MCC: Microcrystalline cellulose; MFC: Microfibrillatd cellulose; NFC: Nanofibrillated cellulose; CNC: Cellulose nanocrystals; BC: Bacterial cellulose
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2.3.3.4 Common types of nanocellulose materials
Nanocellulose materials (NCM) includes an array of cellulosic materials of nano/micro scale
such as nanofibrillated cellulose (NFC), microfibrillated cellulose (MFC), cellulose
nanocrystals (CNC), bacterial cellulose (BC), and cellulose filaments (CF). NFC consists of
alternating crystalline and amorphous domains made of bundles of stretched cellulose chain
molecules with long, flexible, and entangled cellulose nanofibers of approximately 1–100 nm
diameter and 500–2,000 nm length [Moon et al., 2011]. CNC consists of rod-like highly
crystalline cellulose particles of 2–20 nm diameter and 50–500 nm length, thereby exhibiting a
lower aspect ratio compared to NFC and limited flexibility due to the absence of amorphous
portions [Brinchi et al., 2013]. BC particles are microfibrils secreted by various bacteria and
have different morphologies, but they are typically rectangular like, 6–10 nm wide and 30–50
nm long [Eichhorn et al., 2010]. CFs are mechanically processed cellulose fibrils with
micrometric length and nanometric diameter. CF exhibit some structural similarities with NFC,
but they have an extended length (100–2,000 μm) compared to their diameter (30–400 nm),
thereby resulting in a significantly higher aspect ratio (100–1,000). For this, Fig. 2.13 provides
a comparison between the aspect ratio of commonly available NCM and that of CF used in this
current study. On the other hand, Fig. 2.14 shows micrographs of would pulp fibrils [Fig. 2.14
(a)] as compared to other currently available NCM [Fig. 2.14 (b)–(e)] and the CF [Fig. 2.14 (f)],
the high aspect ratio NCM being investigated in the current project. For further details about the
characteristics of NCM see Eichhorn et al. [2010]; Moon et al. [2011]; Brinchi et al. [2010].

2.3.3.5 Mechanical properties of nanocellulose materials (NCM)
A full understanding of the intrinsic mechanical properties of NCM has not been developed and is
a topic of ongoing research. Thus, the characterization of mechanical properties of NCM remains
quite challenging for the following factors: (i) the small particle size combined with the limited
metrology techniques available to characterize NCM, (ii) Multiple axes behavior in NCM.
Additionally, several factors may influence the measured mechanical properties and will contribute
to the significant variation in measurement due to the crystal structure (Iα, Iβ, II), percent crystallinity,
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anisotropy, defects, as well as the measurement protocol itself [Moon et al., 2011]. For further
insight into this crucial part of NCM, the reader is invited to consult the recent review on Current
characterization methods for cellulose nanomaterials by Foster et al. [2018].
Table 2.2 shows the mechanical properties of common NCM where in most cases only the
elastic properties (more readily measurable axial direction of cellulose) are reported.
Measurement of direct mechanical properties of individual fibrils (such as NFC, MFC, or CF)
have often been hindered by anisotropy of crystalline cellulose, that’s the non-symmetric
crystalline structure of cellulose [Moon et al., 2011].

Fig. 2.13: Length-to-width relationship (aspect ratio) in commercially available nanocellulose
materials (NCM) as compared to that of cellulose filaments (CF) being investigated in the
current project. Figure reproduced with the permission of CF supplier [Kruger Biomaterials
Inc., Montréal (QC), Canada].
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Fig. 2.14: Micrographs of cellulose pulp (a) as compared to common nanocellulose materials:
Microfibrillated cellulose (MFC) (b) adapted from Dufresne et al. [1997]; Bacterial cellulose
(BC) (c) adapted from Ifuku et al. [2007]; Nanofibrillated cellulose (NFC) (d) adapted from Saito
et al. [2007]; cellulose nanocrystals (CNC) (e) adapted from Moon et al. [2011] and; cellulose
filaments (CF) (f) adapted from article 1 published in the current study [Hisseine et al. 2018a].
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2.3.3.6 Nanocellulose materials in cement and concrete
Building on the potential reinforcing ability of nanocellulose materials (NCM) as well as their
high functionality demonstrated in versatile applications including polymer reinforcement,
nanocomposites, transparent flexible electronics, optics et., [Dufresne et al., 2000; Yano et al.,
2005; Moon et al., 2011; Goodsell et al., 2014; Habibi et al., 1980], very recently NCM found
applications in concrete technology. However, the available literature is very is limited. The
effect of NCM on properties of cement composites can be attempted in light of NCM features
addressed in previous sections (from one side) and in light of the intrinsic properties of cement
composites associated with their transformation from fresh to hardened state (the hydration),
from another side.
2.3.3.6.1 Cement hydration and structuration
In cement composites, the bulk matrix phase [mainly a mixture of Portland cement and water
and possibly supplementary cementitious materials (SCM), high-range water reducing
admixtures (HRWRA), and other admixtures)] develops strength through cement hydration
reaction. The latter is an exothermal reaction through which cement grains hydrate leading to
the development of a stiff microstructure. This is a transformation from a liquid-like phase to a
solid state within a few hours, giving cement composites the so-called name of man-made rock.
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Fig. 2.15: Schematic illustration of cement hydration inspired from Gartner et al. [2002].
Based on vast literature [Aitcin, 2000; Neville, 2000; Gartner et al., 2002, Mindess et al., 2003],
the structuration of cement composites goes through a four-phase transformation (Fig. 2.15)
involving complex physiochemical interactions between clinker active phases, calcium sulphate,
and water. At the onset of water contact with cement, vigorous reactions take place leading to
significant heat release corresponding to the initial dissolution of cement active phases (stages 0 to
I). A so-called dormant period (which is actually not dormant for the increase in the concentration
of Ca2+ ions as well as in electrical conductivity) occurs (stage II). Later, as structuration continues,
when the initially formed hydrated construct a percolated network of connected particles, a
regidification threshold is attained (or setting time), the onset of a solid-like phase (III). This is
dominated by the hydration of tri-calcium silicate (C3S) and is characterized by a remarkable heat
rise (silicate depletion peak) following the induction period. Thereafter, heat intensity declines
where hydration reactions are rather controlled by ion diffusion (IV), while hydration does not
completely stop, but rather continues in a less vigorous manner (V) as far as there is water available
to dissolve cement grains and as long as there is available space to accommodate hydrates. This
transformation results in the formation of cement hydrates, the most dominant of which is Calcium
Silicate Hydrate phase (C-S-H), a gel matrix responsible for the mechanical strength.
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Fig. 2.16: Relative volumes of the major compounds in the microstructure of hydrating
Portland cement pastes: as a function of time (a) [Locher et al., 1976]; and as a function of the
degree of hydration as estimated by a computer model for a w/c-ratio of 0.5 (b) [Tennis and
Jennings, 2000].
The overall output of the hydration reaction is depicted in (Fig. 2.16) where C-S-H occupies
50− 60% of the volume of solids while the porosity dominates the overall volume. This porous

network, multiscale in nature, is made up of a continuous distribution of pore sizes, from air voids
with a size of 50-200 µm to capillaries of about 0.05-10 µm diameter and gel pores less than 0.5 nm
in diameter. The porous network also includes the porosity at the interfacial transition zone (ITZ)
between aggregates (as well as macrofibers in FRC) and the bulk cementitious matrix. The ITZ is

generally perceived to have lower structural properties, much coarser pores, and easily cleavable
highly soluble calcium hydrate (CH) crystals compared to the bulk cementitious matrix [Ollivier
et al., 1995; Wang et al., 2009; Erdem et al., 2012]. This is generally associated with the wall
effect in which the aggregates (and macrofibers) appear locally flat relative to cement grains,
which disrupts cement packing [Scrivener et al., 2004], or to the microbleeding effect that leads
to the accumulation of mixture water beneath the aggregates during consolidation [Goldman
and Bentur, 1992]. This makes the ITZ the weakest link of the microstructural system, where
cracking initiates, and thus it has a phenomenal effect on the mechanical and transport properties
of concrete [Nemati et al., 1998; Wong et al., 2009]. According to Mindess et al. [2003], the ITZ
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in a typical concrete can be as thick as 20−50 µm, while making up 20−40% of the total bulk
cementitious matrix.

While it is well established that the addition of macrofibers does not substantially alter cement
hydration kinetics (described in this section) nor does it change the development of the
microstructure of the bulk cementitious matrix, it should be elucidated that the formation of ITZ
around the fibers (as part of microstructure development) significantly affects the pull-out
behavior of fibers. This has also a relatively moderate influence on FRC pre-cracking strength
being matrix-governed, and a significant effect on the post-cracking strength predominantly
controlled by fiber pull-out. Therefore, the microstructure of the cementitious matrix influences
the interface behavior which in turn governs the interfacial micromechanical response such as a
frictional bond, chemical bond, and slip hardening in polymeric fibers. This makes
understanding the microstructure an indispensable part of the strengthening and toughening
effect in FRC [Bentur et al.,1995]. Figure (Fig. 2.17) shows micrographs of a bulk cementitious
matrix [Fig. 2.16 (a)] as well as a close-look at the porous layer prevailing at the ITZ [Fig. 2.17
(b)] as also confirmed by Fig. 2.17 (c), while Fig. 2.16 (d) describes the composition of the ITZ.
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Fig. 2.17: Microstructure of cementitious matrix and interfacial transition zone (ITZ): (a) Bulk
cementitious matrix reinforced with macrofibres [micrograph performed on strain-hardening
cementitious composites (SHCC) as part of the current study as will be addressed later in
Chapters 7−9]; (b) ITZ between a macrofiber and cement matrix (micrograph performed on
SHCC as part of the current study); (c) schematic description of the ITZ around a macrofiber
[Bentur, 1991]; (d) Cross-section of macrofiber, ITZ, and concrete microstructure [Credit of
Easley and Faber, Northwestern University].
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2.3.3.6.2 Potential role of NCM in cement hydration and in FRC mechanism
While the effect of macrofibers on the above-described cement hydration is minimal and the
major importance lies in the interaction between the fibers and the matrix through the ITZ, the
scenario is quite different with nanocellulose materials (NCM) for the following reasons:
1. The nanometric scale of NCM implies a seeding effect that can accelerate cement
hydration,
2. The nanoscale fibers may also interact with cement hydrates such that NCM provide
sites for the germination of C-S-H. This may possibly provide stiffness to C-S-H and
result in higher micromechanical properties (at the microstructure level) leading to
higher macroscale mechanical strength,
3. The hydrophilic/hygroscopic nature of NCM may provide supplementary source of
water to foster the solubilization of cement grains, hence promote cement hydration,
4. The alkaline hydrolysis of cellulose which is also an exothermal reaction may overlap
with the exothermal hydration reaction leading to higher heat release,
5. In situations where NCM contain soluble sugars, the hydration reaction may be
decelerated by extending the dormant period. This is, however, a rare case since NCM
are obtained by delignification (elimination of lignin) and removal of soluble sugars
thereby leading to high cellulose purity (>95%).
6. The hydrophilic and hygroscopic nature of NCM may allow a hybrid effect of internal
curing and matrix bridging such that volumetric instabilities in the bulk cementitious
matrix may be attenuated. This can have direct implications on the porous networks
where residual cracking du to autogenous shrinkage can be reduced in the presence of
NCM.
7. NCM may provide a nanoreinforcing effect interacting with hydrates (which are also
nanometric) to bridge nanoscale cracks and hinder them from growing to micro then
coalescing to macrocracks.
8. NCM may also interfere at level of ITZ such that this weakest link in the bulk
cementitious matrix may be improved. (viii) NCM may also work in synergy with macro
fibers such that their nanoreinforcing effect may provide a secondary reinforcement,
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while their enhancement of ITZ may affect the pull-out behavior of macrofibers towards
enhanced ductility.
Through the research conducted herein as well as from the limited available literature on NCM,
several pieces of evidence supporting the above statements were collected. For this, Fig. 2.18
provides some of the evidence collected in this study demonstrating the opportunities offered
with nanoscale cellulose filaments (CF) to nanoengineer cementitious composites in several
perspectives. This includes: (i) the hydrophilic and hygroscopic CF providing water pathways
from the bulk matrix towards anhydrous grains [Fig. 2.18 (b) and (b)], (ii) the nanoscale CF
bridging hydrates [Fig. 2.18 (c)] and serving as germination platform for hydrates [Fig. 2.18
(d)], (iii) CF reinforcing the ITZ [Fig. 2.18 (e)] and bridging nanocracks [Fig. 2.18 (f)].
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Fig. 2.18: Nanoengineering with CF: (a) and (b) CF linking matrix to anhydrous grains (most
probably providing water pathway); (c) CF bridging hydrates; (d) CF serving as germination
platform for hydrates; (d) CF reinforcing the ITZ; and (f) CF bridging nanocracks. Micrographs
collected as part of the current study in the context of developing nanoengineered SHCC as to be
addressed later in Chapters 7−9.
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In light of the above-discussed effect of CF on the microstructure of cement composites, the

following sub-sections address the available limited literature on the effect of NCM on the
behavior of cement and concrete composites. The survey of literature has been organized around
six major themes such that the effect of NCM on the behavior of cement composites is attempted
in a progressive manner starting from the dispersing of nanomaterials inside the fresh mixture
and culminating to composite performance at hardened state. This includes the dispersion of
NCM (Section 2.3.3.6.2.1), fresh properties (Section 2.3.3.6.2.2), hydration kinetics (Section
2.3.3.6.2.3), microstructure (Section 2.3.3.6.2.4), mechanical performance (Section 2.3.3.6.2.5),
and synergy between macro/micro fibers and nanofibers (Section 2.3.3.6.2.6)
2.3.3.6.2.1 Dispersion of nanocellulose materials
Dispersion refers to the process of separating bundles or aggregates of nanoinclusions into
individual objects. For NCM, the high surface area, the intra-chain hydrogen bonding, the
inherent tendency for close stacking, and the flexibility of some NCM (such as NFC, MFC, and
CF) lead to a high tendency for self-assembly. Effective dispersion is a pre-requisite for
enhanced composite performance, or the agglomerates will create a weakness spot in the matrix
leading to stress concentrations thereby adversely effecting composite performance. Among
reported techniques for dispersion of nanofibers (in general), we have: (i) mechanical approach
through which nanofibers are separated by means of high-shear mixing or ultrasonication
(subjecting a nanofiber water-suspension to repeated electromechanical waves to facilitate
separating it to individual fibrils), and (ii) a chemical approach which involves chemical
alteration of nanofiber surface by crating either covalent or noncovalent bonds. Covalent bonds
include functionalizing the surface of nanofibers at the defect sites, the end caps, or the entire
surface. Noncovalent bonding methods use chemical surfactants to maintain long-term
suspension within a variety of liquid solutions [Rashid et al., 2012].
Owing to the hydrophilic nature of NCM, their dispersion in the water medium (required for
cement mixtures) remains less challenging as compared to the case of hydrophobic nanofibers
such as carbon nanotubes (CNT) and carbon nanofibers (CNF). For NCM, high shear mixing
has been the most used technique [Hoyos et al., 2013; Cao et al., 2015; Peter et al., 2009]. Hoyos

Chapter 2: Literature Review

79

et al. [2013] reported that MCC shows no traces of agglomeration due to a noticeable affinity
between the hydrophilic MCC and the host cementitious matrix. In some cases, to further
enhance dispersion, NCM may be subjected to high-shear mixing followed by ultrasonication.
Onuaguluchi et al. [2014] mixed a CNF suspension gel (containing 98.1% water) into the batch
water. The resulting suspension was pre-mixed for 5 min in a beaker using a hand mixer. To
further enhance the dispersion, a polycarboxylate-based high-range-water reducing admixture
(HRWRA) was added to the mixing water at a maximum dosage rate of 1.6% by mass of cement.
The resulting suspension (CNF-HRWRA-batch water) was then agitated for 10 min in an
ultrasonic bath.
Cao et al. [2016a] explored effective ways to disperse CNC and studied the relationship between
CNC dispersion, rheological properties, and strength of CNC–cement composite. For
sonication, they used Hielscher Sonic Processor to transfer mechanical vibrations into the
suspension, thereby resulting into continuous formation and collapse of microscopic bubbles,
and the energy release by the bubbles enables the dispersion of the CNC agglomerates. To avoid,
the rise of temperature during sonication, they placed the suspension container in an ice bath.
Later, CNC suspension was mixed with an artificial cement pore solution to determine the
critical CNC concentration necessary to reach the lowest yield stress. Based on rheological
measurements, this was found to be 0.18 vol% which approaches an experimentally determined
optimum dosage (of 0.2 vol%) necessary for enhanced mechanical performance [Cao et al.
2015].
As stated earlier that ultrasonication can help further dispersion of NMC, Cao et al. [2016b]
used ultrasonication to aid dispersion of CNC. They found that after ultrasonication the flexural
strength of CNC– cement composite was increased by up to 50%. This research provides
insights into how to use CNC more efficiently with cementitious systems for future applications.
To supplement further evidence on the effectiveness of sonication for dispersing CNC, Energydispersive X-ray (EDX) spectroscopy findings by Cao et al. [2016b] demonstrated that: (1) for
CNC–cement composites that were not sonicated, CNC tend to concentrate along the interfacial
regions between the cement particles and the paste; (2) for sonicated CNC–cement composites,
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more CNCs are dispersed into the paste. Nanoindentation results showed that regions of the
cement paste that are rich in CNC exhibited higher elastic modulus.
2.3.3.6.2.2 Fresh properties and rheology
The high surface area of nanofilaments is associated with increased water demand. Furthermore,
the inherent hydrophilic nature of NCM, and the tendency to form a viscous nanocellulose
suspension have high potential to alter mixture rheology. Thus, the effect of nanofilament on
the rheology and workability of the mixes is evident. For instance, at higher CNC loading (more
than 0.2% by volume of cement, without adequate dispersion scheme), the yield stress of cement
pastes increases significantly due to agglomeration [Cao et al., 2015]. Hoyos et al. [2013]
reported an increase in yield stress of 2.6 times relative to the paste with no MCC due to the
presence of hydroxyl groups on nanocellulose surface (hence the interaction of MCCswith
cement particles, hydration products, and water). These findings are also supported by
Stephenson [2011] who indicated that the addition of NC fibers significantly decreased the
workability of the UHPC mix. Reza et al. [2010] studied the influence of CNCs as compared to
bentonite on reducing water filtration in oil well cement paste. They found that CNCs were more
effective than bentonite in altering the yield stress and the flow behavior of the mix. They also
reported that CNCs increased the viscosity of bentonite suspensions and made them stable at
low shear rates. Additionally, the addition of CNC to colloids leads to shear thinning which in turn
results in a lower slump for the cement-based slurry. Similarly, findings by Nilsson and Sargenius
[2011] on MFC-reinforced mortar, revealed that the use of MFC leads to higher plastic viscosity
of fresh mortar.
2.3.3.6.2.3 Hydration kinetics
While macrofibers have no influence on hydration kinetics, nanoscale NCM do have an effect
on the hydration process. At early-age (within the first few hours of casting) for instance,
[Onuaguluchi et al., 2014] reported that nanofibrillated cellulose (NFC) reduce the mixture
conductivity and delay the hydration process. This is due to the reduced rate of cement
dissolution and ion diffusion induced by the viscous nanofibers suspension. However, this
delayed cement dissolution had and no deleterious effect beyond the first few hours. Rather,
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higher heat release was observed at later ages in the presence of NFC (Fig. 2.19). Similarly, the
increase in NFC content was found to be accompanied by an increase in the hydration peak and
in the cumulative heat of hydration. At 28 days, cement pastes containing cellulose nanofibers
exhibited higher degree of hydration than those exhibited by the unreinforced reference mixture.
This increase is attributed to the process of internal curing provided by these fibers as also
supported by Mezencevova et al. [2012] and Jongvisuttisun et al. [2013].

Fig. 2.19: Effect of different addition rates of nanofibrillated cellulose (from 0.05 to 0.4% per
cement mass) on heat of hydration [Onuaguluchi et al. 2014].

A similar observation about the delayed hydration at early ages and accelerated hydration
thereafter was noticed for cement paste incorporating microcrystalline cellulose (MCC) by
Hoyos et al.[2013] whereby at early ages, the ability of MCC to interact with the matrix
promoted the solubilisation of CH and the formation of a waterproofing barrier on the anhydrous
particles of cement. This was found to delay the hydration reaction and decrease the maximum
adiabatic temperature. At later stages, the existence of MCC in the cement paste increased the
degree hydration as the MCC released their water content into the cement mortar, which favored
the creation of more hydration products. Another study [Mishra et al., 2003] reported a similar
pattern of increase in the heat of hydration with increasing content of cellulose –based polymer,
but up some extent, after which an increase in nanocellulose content is accompanied by a
reduction in heat of hydration.
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Cao et al. [2015] reported an increased degree of hydration when CNC were used at rates of
0%, 0.1%, 0.15%, 0.2%. They ascribed the increased hudration degree to two mechanisms: (1)
Steric stabilization: responsible for dispersing the cement particles, a mechanism also exhibited
by water reducing admixtures to improve workability, and (2) short-circuit diffusion: which
describes how the CNCs appear to provide a channel for water transporting through the
hydration products ring (i.e., high density CSH) to the unhydrated cement particle and thereby
improving hydration (Fig. 2.20). Investigation on bacterial cellulose (BS) by Mohammadkazemi
et al. [2015] also indicate higher heat release in the presence of BC.
Generally, the addition of NCM may lead to instantaneous reduced heat leads to a net higher
heat release. The instantaneous reduction in heat release observed in some studies is linked to a
diluting effect lead by NCM which interfere with the initial dissolution of cement active phases.
On the other hand, the increased heat of hydration and the improved degree of hydration can
ascribe to a better dispersion effect of cement grains, which an analogous effect the dispersing
function of high-rage water reducing admixtures. The increased degree of hydration can also be
linked with the alkaline hydrolysis of cellulose which is also an exothermic reaction overlapping
with the cement hydration.

Fig. 2.20: A schematics illustration of the proposed hydration products forming around
the cement grain from the age of 0–48 h in the (a) plain cement and (b) cement with CNC on a
portion of the cement particle showing SCD [Cao et al., 2014].
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2.3.3.6.2.4 Microstructure
Nanoparticles can potentially allow better void filling due to their extremely low particle size
[Ashby et al., 2009], thereby enhancing the concrete microstructure. Thus, the addition of NCM
can alter the microstructure [Sanchez and Sobolev, 2010]. In fact, some nanoparticles such as
nano –SiO2 and anao-TiO2 organise themselves in an efficient close-packed configuration
[Ashby et al., 2009]. Other nanomaterials such as CNF, CNC, and CNT fill-up the nanogaps
existing between the hydration products, bridge cracks the nanoscale, reinforce the ITZ between
aggregates and bulk cementitious matrix. A driving force for enhanced microstructure with
NCM is the omnipresence of OH- hydroxyl groups on NCM surface. This promotes surface
reactivity leading to higher likelihood of interactions with hydration products containing
hydrogen in their structure.
Microstructure analysis of cement past incorporating MCC by Hoyos et al. [2013] showed that
MCC have the ability to interact with the hydration products, namely C-S-H and CH (Fig. 2.21).
This is due to the highly hydrophilic character and the higher water retention capacity of MCC.
The study attributed this to the fact that MCCs are constituted of several bonded chains of
cellulose with three hydroxyl groups per anhydroglucose unit. The free – OH groups allow MCC
to interact through hydrogen bonds with other compounds containing hydrogen atoms in their
structure such as CSH and CH. The high specific surface area of MCC provides an enhanced
fiber matrix-interaction as well as an increase of cellulose hydroxyl groups available for
hydrogen bond with the cementitious matrix [Hoyos et al., 2013].
Further effects of NCM on the microstructure of cement systems can be traced down to the
higher elastic modulus of the crystalline portion of NCM (120-138 GPa) [Diddens et al., 2008];
In this regard, Cao et al. [2016b] indicated that the use of cellulose nanocrystals (CNC) increases
the stiffness of high-density C-S-H surrounding unhydrated cement particles. Similarly, Flores
et al. [30] reported that the incorporation of CNC results into a larger volume fraction of highdensity C-S-H and a smaller volume fraction of low-density C-S-H.
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Fig. 2.21: SEM image of microcrystalline cellulose (MCC) (left), and SEM images of cement-based
materials with 3 wt.% of MCC (right) [Hoyos et al., 2013].

2.3.3.6.2.5 Mechanical Properties
The enhanced microstructure imparted by NCM as discussed in the previous section has a direct
effect on the mechanical properties of cement matrices. Onuaguluchi et al. [2014] reported that
NFC were found efficient in increasing the flexural strength and energy absorption of cement
pastes. Mixtures with 0.1% nanofiber showed optimum mechanical properties with an increase
(relative to the reference paste) in flexural strength and energy absorption by approximately
106% and 184%, respectively. However, reduced mechanical performance was observed at
nanofiber contents of 0.2% and 0.4% due to fiber agglomeration.
A similar observation was made by Cao et al. [2015] on CNC, indicating that at early ages,
flexural strength increases with increasing concentration of CNCs. For older ages, the strength
reaches a peak at around 0.2% of CNC and then decreases due to the agglomeration of CNCs at
higher concentrations. Cao et al. [2015] also reported a strong correlation between the flexural
strength and the degree of hydration (DH) up to a DH of 58%, and that the flexural strengths of
cement pastes with modest concentrations of CNC were about 20% to 30% higher than the
cement paste without CNCs. The study attributes this increase to the increase in DH of the
cement pastes when CNCs are used, which in turn is attributed to the two mechanisms explained
above.
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The use of NFC was also found to improv the fracture properties of concrete as was addressed
by Stephenson [2011] who performed three-point bending tests on notched beams made from
ultra-high-performance concrete (UHPC) containing NFC at 0.1%, 0.5%, and 1.0% - by weight
of cement. The study showed that the 0.5% NFC reinforcement is optimal in improving fracture
properties of UHPC. The average fracture energy of specimens of this reinforcement level was
higher than that of all others. The study attributes the outperformance of the reinforcement
percentage of 0.5% to the dispersion and workability associated with this reinforcement level
and reported that an amount of 0.1% was likely not enough to properly disperse throughout the
mix and produce a noticeable effect, while mixes containing 1.0% were often much less
workable, hence not consistent.

Fig. 2.22: Flexural performance of cement pastes with CNC Cao Y. et al [2015].
The effect of the level of reinforcement of cellulose-based polymer on the mechanical properties
of cement pasted were addressed by Mishra et al. [2003]. Their study used a constant water to
cement ratio of 0.32 and cellulose polymer addition percentage fractions of 0; 0.05, 0.10, 0.25,
0.50, 1.00, 2.00, 3.00, and 4.00 by mass of cement. According to their stud, the increase in
cellulose-polymer content was observed to have a negative effect on the compressive strength
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at early ages (7 and 28 days). However, at late curing stages, increase in cellulose polymer
content (up to an optimum content of 1.0%) was found to enhance the compressive strength of
cement pastes. This may be ascribed to the increase in cement hydration at late ages as reported
earlier in the findings of [Onuaguluchi et al., 2014].
Likewise, longer curing periods resulted in higher fracture toughness with the maximum value
obtained with a cellulose polymer content of 0.5%. Van [1989] suggested that the higher fracture
toughness values observed at longer curing periods is due to alternative forces (caused by
hydrodynamics) developed between the polymer and the cementitious material. These
hydrodynamic forces are repulsive in nature, which appear when the cementitious particles try
to move against the viscosity of the polymer solution during setting. As the curing time increase
these forces gradually change into electrostatic attractive forces.
Obreinmoff [1930] and Dickinson [1981] suggested that the electrostatic forces can be
mobilized in dry atmosphere when the crack faces become charged during the fracturing
process, thereby leading to a potential self-healing mechanism. Clarke et al. [1987] attribute the
increase in fracture toughness to the fact that some cellulose-polymer molecules act as a bridging
force between adjacent cementitious particles. Such forces, according to Evans et al [1989], can
form a robust link holding the cementitious particles intact through a hydrogen/chemical
bonding which may eventually resist crack propagation, if not crack inception.
2.3.3.6.2.6) Synergetic effect between micro and nanofibers
Considering the potential ability of NCM to increase the pre-peak strength, and the proven
effectiveness of micro/macro fibers for enhancing the post-cracking strength, Ardanuy et al.
[2012] investigated the effect of both types of reinforcement on the mechanical properties of
concrete matrices. NFC was found to impart notable enhancement in flexural strength and
modulus, due an intrinsic higher strength and stiffness compared to micro cellulose. However,
the cement matrix with NFC exhibited brittle behavior compare to the matrix with micro
cellulose (Fig. 2.23Fig. 2.23: Flexural stress-displacement curves of cement composites with CF
compared to micro-cellulose fibers [Ardanuy et al., 2012]).
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The study ascribed this behavior to the low crack bridging capacity of nanofibers associated
with the short length of NCF which is not enough to prevent crack growth, and the reduced
composite toughness owing to an increased fiber-matrix bonding. In fact, when the interfacial
properties are maximized rather than optimized, the high energy absorption mechanism
involved in the composite fracture such as debonding and fiber pullout, are hindered in favor of
fiber rupture, bringing about a brittle fracture, and therefore, low fracture energy. In addition,
the high specific surface area of NCF provides an enhanced fiber matrix-interaction as well as
an increase of cellulose hydroxyl groups available for hydrogen bond with the cementitious
matrix [Coutts 2005; Hoyos et al., 2013], leading to an embrittlement of the composite.
On the other hand, the matrix reinforced with micro cellulose fibers exhibited a more plastic
behavior due to the fibers being long, hence efficient in engaging in bridging cracks, and due to
the interfacial regions were weaker owing to low specific surface area of fibers which favors
toughening by debonding and fiber pullout.

Fig. 2.23: Flexural stress-displacement curves of cement composites with CF compared to microcellulose fibers [Ardanuy et al., 2012].
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Peters et al. [2010] studied the effect of a combination of micro and nanocellulose fibers on the
fracture toughness of the otherwise brittle, ultra-high-performance concrete (UHPC). Micro and
nanocellulose fibers were used both separately and in combination, at volume fractions of 0,
1%, 3% and 5%. Results from split cylinder and three-point bend notched beam tests indicated
that 3% micro cellulose reinforcement is most effective in increasing the fracture energy
performance of the material. And that the inclusion of microfibers into the concrete increased
the fracture energy by 53%. A hybrid mix consisting of both micro and nanocellulose fibers
increased the fracture energy by 26% relative to the unreinforced material.
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Table 2. 3: Summary of literature on NCF cement composites with emphasis on mechanical performance.
Reference

Onuaguluchi et al.
2014

Matrix

Paste

W/C

0.5

NCM type

NFC

Dosage

Superplasticizer

0%, 0.05%, 0.1%,

Polycarboxylate-based

0.2%, 0.4% by

superplasticizer: 1.6%

binder mass

by mass of binder

Dispersion

Protocol for testing mechanical

Increase in mechanical

performance

performance

Ultrasonic

Flexural strength: 108%

mixing

Flexural toughness: 186%
40 x 40 x 160 mm3
Normal curing:

C. Gómez Hoyos
et al. 2013

Mortar

0.45

MCC

0%, 3%

-

mixing
0%, 0.04%, 0.1%,

Cao et al. 2015

paste

0.35

CNC

0.2%, 0.5%, 1.0%,

Micro:
Peter et al. 2009

Ardanuy et al. 2012

micro -cellulose

0.24, 0.29, 0.35

powder
Concrete

Nano: 0.24

Mortar

0.67

nanocellulose

NFC

0, 1%, 3%, 5%

Polycarboxylate-based

0, 1%, 3% ,5%

superplasticizer: 1.6%

by mass of binder

by mass of binder

Accelerated curing:
40 x 40 x 160 mm3

High shear

-

Increased flexural strength
Flexural strength: 20% - 30%

mixing

1.5%, Per volume

Reactive-

Reduced flexural strength

High shear

High shear
mixing

Fracture energy: 53%
220 x 30 x 50 mm 3,
Span 180mm, Notch: 13 mm

3.3%

-

Flexural strength: 40%

-

Flexural Modulus: 66%
40 x 40 x 160 mm3

Calcium chloride: 5%

F.
Mohammadkazemi

Mortar

BC)

et al. 2015

+ Polycarboxylate

Bagasse fibers

based superplasticizer:

Ultrasonic
mixing

DIN EN 13986:2005-03

Modulus of rupture:
46% - 68%

0.5% by cement weight
Nano

Cao et al. 2016

0.1% BNC coated on

Paste

0.35

Crystalline
Cellulose

0%, 0.04%, 0.1%,
0.2%, 0.5%, 1.0%,
1.5% Per volume

•
-

Ultrasonic,
Polycarboxylatebased HRWR

Flexural strength: 50%
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2.3.3.6.3 Concluding remarks on the effect of nanocellulose materials on cement systems
Subject to adequate dispersion which is a key factor to ensure the effectiveness of NCM (owing
to their inherent tendency for self-assembly driven by their high surface area), the most salient
effects of NCM include a viscosity modifying effect, increased heat of hydration, alteration in
the microstructure, and improvement in mechanical properties. The viscosity modifying effect
is driven by the hydrophilicity of NCM as well by the tendency of NCM particles towards
forming a nanoscale network linking cement particles and promoting mixture stability. The
effect of NCM on hydration kinetics can be summarized by an overall higher heat release
attributable to: (i) the nanoscale materials working as nucleation sites to accelerate the
hydration, (ii) the internal curing effect of the hydrophilic and hygroscopic NCM either
providing supplementary water to solubilize further anhydrous cement grains or proving a
pathway for water from the bulk matrix toward anhydrous particles (also termed as short circuit
diffusion) an internal curing agent promoting, and (iii) the alkaline hydrolysis of cellulose which
is also an exothermic reaction overlapping with the mainstream cement hydration. This leads to
an overall higher degree of hydration in cement systems incorporating NCM.
The microstructure of cement systems is altered by the nanoscale NCM interfering with
nanoscale cracks, altering the porous network at the interfacial transition zone (ITZ), interaction
with cement hydrates, and enhancing the micromechanical properties of C-S-H. Consequent to
this effect on the microstructure and the above-recorded increased degree of hydration, higher
mechanical properties (particularly flexural capacity and toughness) were recorded with NCM.
Bearing in mind the nano/micro length of NCM particles, NCM enhance more the pre-peak
flexural behavior than the post-peak behavior whereby the load-carrying capacity is limited by
fiber length not promoting extended pull-out effect. Consequently, mixtures combing NCM and
macro fibers record enhanced pre-peak and post-peak flexural performance. This opens the
opportunity for valorizing NCM in designing fiber reinforced cement composites (FRCC) with
superior performance as addressed in the coming section (2.3.4)
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2.3.4 Nanoengineering fiber-reinforced cementitious composites
Generally, a cementitious matrix subjected to uniaxial tension will either exhibit: (i) a brille, (ii)
a quasi-brittle or (iii) a strain-hardening. In the first case, the tensile response is limited by the
first cracking strength (σcc) which is the case of plain concrete (PC). In the latter two cases, the
tensile response is rather controlled by the post-peak strength (σpc) whereby for a strainhardening behavior to prevail, the condition σpc ≥ σcc must be met [Naaman and Reinhardt,
2003]. Furthermore, for strain-hardening to be maintained and multiple cracking to be
developed, a steady-sate crack growth is mandatory [Li, 1998]. Strain-hardening is also referred
to as pseudo strain-hardening or quasi strain-hardening [Naaman, 2007].
To further discuss fiber-reinforced cementitious composites (FRCC) and the perspectives to
nanoengineer their formulation, it is necessary to first attempt the different categories of FRCC.
For this, the most widely–accepted categorization of FRCC is the one classifying them on the
basis of their stress–strain response in direct tension and their load–deflection response in
flexure [Stang and Li 2004; Naaman and Reinhardt, 2006]. Based on this approach, Naaman
and Reinhardt [2006]’s plot in Fig. 2.24 suggests that an FRCC exhibiting strain-hardening
behavior in direct tension is referred to as high-performance fiber-reinforced cementitious
composite (HPFRCC). When an FRCC not stain-hardening in direct tension can still exhibit this
behavior under bending, this FRCC is called deflection-hardening FRCC, a type of ductile fiber–
reinforced cementitious composites (DFRCC) [Matsumoto and Mihashi, 2002]. Deflectionhardening is also influenced by the dimension and cross-section geometry of a specimen and is
therefore not a material property in the strict sense as highlighted by Trub (2011). Furthermore,
strain-hardening is more of material property and may be taken into account in structural design
as it is scale-invariant [Stang and Li, 2004]. Deflection-hardening, in contrast, is a structural
property (influenced by the dimension and cross-sectional geometry of test specimen) and
therefore is not a material property in the strict sense [Naaman and Reinhardt, 2003]. As such,
strain-hardening composites are also deflection-hardening ones, but the vice-versa is does
forcedly hold. A Fiber Reinforced Cementitious Composite which falls into neither of these two
categories is called deflection-softening FRCC.
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Stain-softening and deflection-softening composites include conventional FRC which may
occasionally exhibit strain-hardening in bending but would show strain-softening in tension. In
this regard, although the material shows ductility in bending, the fact that it strain-softens in
tension leads to localizing the failure in a small segment of the member. Consequently, damage
localization (associated with a limited fracture process zone and large crack opening) takes
place, leading to softening behavior [Trub, 2011]. This type of ductility is often not transposable
to the structural level.
In contrast, strain-hardening FRCC, having the ability to develop multiple-cracking, turn to
delay failure localization and are also called high-performance fiber-reinforced cementitious
composites (HPFCCC) such as: Slurry Infiltrated Fiber Concrete (SIFCON), Slurry Infiltrated
Mat Concrete (SIMCON) and Engineered Cementitious Composites (ECC)
SIFCON and SIMCON are types of HPFRCC with very high fiber content, typically 5-12%
with sizes 30-60 mm and aspect ratio 60-100. Such high addition rates of fibers are achieved by
randomly placing the fibers in molds, then infiltrating highly flowable cement slurry to the
molds. These HPFRCC show significant strain-hardening in direct tension. However, the high
fiber content and casting methods lead to prohibitive costs and thus restrict large-scale and/or
in-situ applications. For more detailed information about these HPFRCC, the reader is invited
to consult Balaguru and Shah [1992].
Engineered Cementous Composites (ECC) also known as Strain-Hardening Cementitious
Composites (SHCC), on the other hand, are ultra-ductile FRCC exhibiting exceptional ductility
and strain-hardening behavior with as low fiber content as 2% vol, while using casting and
placing protocols similar to the ones used for normal concrete. In line with the objective of this
study to valorise cellulose filaments (CF) for the development of nanomodified SHCC, next
sections are devoted to providing the reader with general background about SHCC (2.3.4.1),
perspectives for nanoengineering SHCC (2.3.4.2), and some of SHCC applications (2.3.4.3).
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2.3.4.1 Stain-hardening cementitious composites (SHCC)
Engineered Cementous Composites (ECC) alternatively called Strain-Hardening Cementitious
Composites (SHCC) are ultra-ductile FRCC developed by Victor Li and co-workers at the
University of Michigan at the early 1990s [Li, 1993]. The most salient feature of ECC is the
exceptional ductility and strain-hardening behavior with as low fiber content as 2% vol., while
using concrete batching and placing protocols similar to the ones used for normal concrete. The
formulation of SHCC follows micromechanical and fracture mechanics guidelines such that the
three composite constituents (matrix, fiber, and fiber/matrix interface) are tailored to obtain a
composite exhibiting a smooth transition from the quasi-brittle behavior (of conventional fiberreinforced cement composites) to a metal-like behavior [Li et al., 1995]. This transition is
characterized by (i) a sustained or even higher load carrying capacity after matrix first cracking
associated with the steady state cracking, (ii) sequential tight multiple cracking until matrix peak
capacity is reached, and (iii) high ultimate tensile strain capacity reaching 2-5% (200-500 times
that of plain cement matrices or conventional FRC) [Li, 1998].
The design of SHCC mixtures is based on tailoring matrix, fiber, and fiber/matrix interface
along with their associated parameters: [(fiber volume fraction, length, diameter, strength, and
elastic modulus, etc. for fiber); (fracture toughness, elastic modulus, and tensile strength etc. for
the matrix); and (chemical and frictional bonds, slip-hardening behavior, etc. for fiber/matrix
interface)]. The process of micromechanical tailoring is thus the one that quantitatively accounts
for the mechanical interaction between these three groups of composite constituent parameters
when the composite is subjected to loading [Li and Leung, 1992; Kanda and Li, 1998]. This
process elevates composite development from the serendipity of trial-and-error tests to a
systematic and guided selection (or otherwise modification) of theses micromechanical
parameters so that their coupled effect culminates into a composite exhibiting pseudo-ductility
at fairly low fiber volume fraction commonly ≤ 2% [Li, 1998; Li and Wang, 2001; Li, 2003].
Emanating from flat crack analyses of ceramics composites reinforced with continuous aligned
fibers [Marshall and Cox, 1988], micromechanical tailoring model was first introduced in
cement and concrete composites by Li and collaborators [Li, 1993; Li, 1998; Li and Wang,
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2001; Li, 2003] and was later improved by Lin et al. [1999], Yang et al. [2007] and Kanda and
Li [1998].
The development of pseudo-ductile composites following micromechanics tailoring dictates
that for a given composite to exhibit strain-hardening behavior featured by steady-state (flat)
crack growth, two criteria must be met, or the more common Griffith crack propagation mode
will prevail, leading to quasi-brittle failure of traditional FRC matrices. The two criteria are (i)
strength criterion and (ii) energy criterion. Strength criterion requires the matrix first-crack
strength (σfc) controlled by matrix fracture toughness (Km) and initial flaw sizes to be less than
fiber bridging capacity (σ0) on any given potential crack plane as presented in Eq. (1).
σfc≤ σ0

(1)

On the other hand, the energy criterion stipulates that, for a crack (once generated) to grow in a
steady-state mode [the state where tensile strength uncouples from crack length, in contrast to
the well-known Griffith residual strength concept relating a decreasing tensile strength to
increasing crack size [Marshall and Cox 1988], the following energy balance [Eq. (2)] has to be
satisfied.

Fig. 2.25: Fiber bridging stress – crack opening width relationship as liked to pseudo-ductility
conditions.
𝛿

𝐽𝑡𝑖𝑝 = 𝜎𝑠𝑠 𝛿𝑠𝑠 − ∫0 𝑠𝑠 𝜎(𝛿)𝑑𝛿
In Eq. (2), it is observable Jtip reaches its upper limit under the following conditions:

(2)
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𝜎𝑠𝑠 = 𝜎0
𝛿𝑠𝑠 = 𝛿0

(3)

{
𝛿
𝜎0 𝛿0 − ∫0 0 𝛿(𝛿)𝑑𝛿 ≡ 𝐽𝑏′

where σss is the steady-state cracking stress; δss is the flat crack opening corresponding to σss
(Fig. 2.25); Jtip is the crack tip toughness, which can be approximated as the cementitious matrix
toughness if fiber volume fraction is less than 5%, calculated as in [Eq. (2)]; σ0 is the maximum
bridging stress which corresponds to the crack opening δ0 and 𝐽𝑏′ is the complementary energy
controlled by fiber bridging stress and determined from the σ-δ curve.
𝐽𝑡𝑖𝑝 =

2
𝐾𝑚

𝐸𝑚

(4)

where Km is the matrix fracture toughness and Em is the matrix Young modulus of elasticity.
In consequence of Eq. (3), for crack growth to follow a steady-state mode (necessary for pseudoductility behavior), the crack tip toughness should not exceed the complementary energy as
below:
𝐽𝑡𝑖𝑝 ≤ 𝐽𝑏′

(5)

As such, for a matrix to exhibit a tensile strain-hardening behavior, both criteria (strength and
energy) must be satisfied. Otherwise, the tension-softening behavior of traditional FRC will
prevail. In this regard, while some conventional FRC may satisfy the strength criteria (governing
the range of matrix flaw size), the energy criteria (governing the propagation of steady-state
crack) excludes most conventional FRC and can be satisfied only when micromechanically
principle are taken into account [Li, 1998; Li and Wang, 2001; Li, 2003].
Different types of SHCC with different formulation characteristics tailored for specific
functionality (such as highly-flowable [Kong et al., 2003], pigmentable [Yang et al., 2012],
sprayable [Kim et al., 2003], printable [Figueiredo et al., 2019], spray-applied fire resistive
[Zhang and Li, 2015] and so on) are now available. Similarly, significant development has been
made in terms of fostering SHCC ductility by tailoring interface properties, use of cost-effective
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PVA fibers, improving the ecoefficiency, reducing the cement content, using high-volume
supplementary cementitious materials, and promoting the use of locally available materials. For
elaborated details, the reader is invited to consult Victor Li’s comprehensive review on this topic
[Li, 2003].

2.3.4.2 Nanoengineered strain-hardening cementitious composites
While it is well established that SHCC demonstrates exceptional ductility characteristic
elevating it to a metal-like behavior (as highlighted earlier), the fac that cracking in cement
composites is multiscale in nature opens a window for further tailoring the performance of
SHCC. After all, the initial development of SHCC by Li and coworkers was inspired by the
structure of nacre (known as mother of pearl – the iridescent inner lining layer of abalone shells)
show in Fig. 2.26. This substance is known to be of high mechanical performance and
exceptional ductility and has the primary role of protecting the abalone by allowing the shell to
withstand the impact of shock (by predators attempting for breaking it) without fracturing
[Jackson et al., 1988; Mayer, 2005].
As a structural biomaterial, nacre has a very complex hierarchical structure that spans over
multiple length scales from macroscale to nanoscale (Fig. 2.26 (a)-(d), respectively). Nacre
consists of 95 wt.% brittle aragonite [Fig. 2.26 (c)], a crystallographic form of calcium carbonate
(CaCO3), and 5 wt.% of organic polymers [Fig. 2.26 (d)] and polysaccharides [Menig et al.,
2000]. This gives nacre a structure made primarily of brittle constituents (aragonite tablets)
glued together with a soft multi-scale biopolymer thereby forming a brick-and-mortar structure
[Meyers et al., 2008]. The inter-tile biopolymers [Fig. 2.26 (d)] were reported to be made of
chitin fibers [Meyers et al., 2011]. This composition underpins the complex hierarchical
structure of nacre that has, surprisingly, a fracture toughness ~3000 times higher than that of its
major constituent – pure aragonite [Currey, 1977; Jackson et al., 1988].
In SHCC, the brittle cementitious matrix at ~98% of total volume plays the role of aragonite
tiles, while the PVA fibers at ~2% volume play the role of chitin fibers in nacre. In spite of this
low fiber volume fraction, the micromechanical tailoring approach detailed earlier culminates
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into composites with strain capacity 200-500 times higher than that of normal concrete or
conventional FRC [Li, 1998]. The common fiber used in SHCC design has length in the range
of 8-12 mm, a typical diameter of 38 µm, an elastic modulus of 40 GPa, and a tensile strength
of 1400 MPa.
In this regard, and considering the role of multi-scale fiber reinforcement attempted earlier in
section 2.2.4 as summarized in Fig. 2.27, as well as the complex hierarchical structure of
cellulose (in Fig. 2.12) and the inherent on-axis high mechanical properties of nanocellulose
materials (NCM) detailed in Table 2.1 and Table 2.2, it follows that re-engineering SHCC
formulation using nanoscale NCM in conjunction with PVA microfibers can offer a forward
step in the biomimetic design of SHCC. This hypothesis can also be supported by the varied
potential advantages offered by NCM to nanomodify SHCC matrix [Fig. 2.28 (a)] as well as
interface properties [Fig. 2.28 (c)].

Fig. 2.26: Overall view of the hierarchical structure of abalone shell spanning from the macroscale
shell (a), to the microscale CaCO3 layers (b), to the mesoscale Aragonite tiles (c), to the nanoscale
organic polymers (d). Figure adapted from Meyers et al. [2008].
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Fig. 2.27: Schematic illustration of the effect of different fiber scale on fracture behavior.
NB: This figure is the same as Fig. 2.4. It has been called once again here to facilitate the discussion in
this section

Fig. 2.28: Effect of nanocellulose materials on the performance of strain-hardening
cementitious composites: (a) Bridging nanoscale cracks and interacting with hydrates, (b)
SHCC without NCM showing a porous interfacial transition zone (ITZ), and (c)
nanocellulose-modified SHCC showing an ITZ stiffened with NCM [SEM micrographs
collected as part of the development of nanocellulose modified strain-hardening cementitious
composites attempted later in Chapters 7-9 of this thesis ].
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2.3.4.3 Structural application of SHCC
As a result of the strict design guidelines described in section 2.3.4.1, SHCC exhibit remarkable
metal-like ductility characteristics accompanied with substantial fracture toughness elevating
SHCC to closely replicate the features of aluminum alloys [Maalej and Hashida, 1995].
Interestingly, these features are scale-invariant and can be transposed from millimetric-scale
elements to structural-size elements [Stang and Li, 2004]. This encouraged the use of ECC in
several structural applications including: (i) structural strength and ductility of reinforced beams
under cyclic loads [Kanda et al., 1998] where the load carrying capacity was increased by 50%
and the ultimate deformation by 200% under shear tension failure mode, (ii) the use of ECC in
the hinging zone of beam-column connections [Mishra, 1995] where the total energy absorption
was increased by 2.8 times relative to the R/C specimen, (iii) the use of SHCC as a protective
layer for enhancing the corrosion durability of R/C structures [Maalej and Li, 1995], (iv) use of
SHCC for interior beam–column connections for enhanced seismic resistance [Qudah and
Maalej, 2014]. On the other hand, owing to the featured ductility, SHCC show high
compatibility with reinforcing steel before its tensile strain capacity is achieved [Fischer and Li,
2002]. This allows SHCC reinforced elements to exhibit high strength [Moreno and Trono,
2014] and strain hardening behavior that can be taken into consideration in the design of
reinforced ECC members under bending moments [JSCE, 2008].
SHCC have also been used in reinforced SHCC beams where greater shear resistance under
static loading conditions was obtained with SHCC compared to reinforced concrete beams
[Shimizu et al., 2004; Varela and Saiidi, 2013; Xu et al., 2013]. SHCC reinforced members
subject to cyclic load reversals also demonstrated better damage tolerance and energy
dissipation capacity [Fukuyama et al., 2000; Fischer and Li, 2002]. SHCC have also been used
in shear critical members such as beam-column joints where shear failure was prevented and
stirrups in the joints could even be eliminated under cyclic loading [Parra-Montesinos, 2005;
Yuan et al., 2013; Parra-Montesinos et al., 2005]. The enhanced structural performance of
SHCC members was found to underpin the use of SHCC in several real-life structural
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applications including bridge deck link slabs (Fig. 2.29) [Lepech et al., 2009] dam repairs, and
coupling beams in high rise buildings (Fig. 2.30) [Kanda et al., 2011].
The enhanced SHCC performance transposable to the structural level has also motivated new
applications such as in structural extruded elements, FRP reinforced concrete, and steel-concrete
composite structures (particularly composite steel floor deck-slabs). In the particular case of
composite steel floor deck-slabs, the use of SHCC has the potential to increase the compatibility
between the ductile steel deck and its brittle concrete topping thereby improving the composite
action and enhancing the resistance to shear bond failure (one of the major failure types in
composite slabs due to the steel-concrete slip). In this regard, and for the sake of limiting
redundancy in literature survey between the current chapter and chapter 10 (on the use of a
newly developed SHCC to develop fatigue-induced shear-bond efficient composite slabs), a
contextualized literature survey on composite slabs is provided in Section 10.2 (Chapter 10).

Fig. 2.29: Application of ECC for Bridge Deck Link Slabs [Lepech and Li, 2009]
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Fig. 2.30: SHCC (ECC) Coupling Beams in a 60-story high-rise reinforced concrete structure
in Osaka Japan where SHCC was used enhance seismic safety and durability by absorbing
energy during an earthquake [Kanda et al., 2011]
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Part II:

Disclosing the opportunities for
nanoengineering concrete properties
using Cellulose Filaments (CF)
-Chapter 3: Effect of CF on rheological properties of concrete
-Chapter 4: Effect of CF on hardening concrete properties
-Chapter 5: Effect of CF on hardened concrete properties
-Chapter 6: Effect of CF on concrete microstructure

This part of the thesis contributes towards achieving project
objectives 1 through 4,which focus on the effect of CF on the three
major concrete states (fresh, hardening, and hardened) as well as on
the influence of CF on the microstructure of cement composites
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CHAPTER 3 .

Effect of Cellulose Filaments on Rheological
Properties of Cement and Concrete Composites
3.1 Introduction
The current chapter is devoted to exploring the potential of CF to serve as a viscosity modifying
agent (VMA) in self-consolidating concrete (SCC). SCC mixture should typically be designed
to exhibit enough flowability necessary for placing them without mechanical vibration (while
maintaining adequate homogeneity). For this, the use of VMA is an intrinsic feature of SCC
formulation to produce flowable yet stable mixtures. VMAs are polymers introduced to enhance
mixture consistency and stability via varied mechanisms such as: (i) increasing the yield stress
and viscosity of the liquid phase, (ii) increasing mixture viscosity by interaction with mixture
particles; and (iii) increasing the water retention capacity by a hydrophilic action. In this regard,
this chapter is aimed at valorising the hydrophilic and flexible nanoscale cellulose filaments
(CF) [diameter of (30–400 nm) and length of (100–2000 µm)] with high aspect ratio (up to 000)
to enhance the properties of fresh concrete by a VMA effect. CF hydrophilicity implies high
water retention capacity capable of imparting a VMA effect. Similarly, the nanoscale, high
aspect ratio, and omnipresence of hydroxyl groups may favor interactions between CF and
cement particles such that mixture consistency can be improved. To this end, the of effect of CF
(at 0.05-0.30% per weight of binder) on rheological properties (fresh properties, flow behavior,
yield stress, plastic viscosity, and apparent viscosity) of cement paste and SCC were evaluated
and compared to the effect of a commercially available VMA of Welan Gum type. A mechanism
responsible for the VMA effect of CF was also proposed and validated with a geometry-based
percolation model as well as by microstructure assessment. With a demonstrated VMA effect
that has collateral positive impact on mechanical properties via nanoreinforcing action of CF,
Therefore, this chapter contributes to offering a multifunctional VMA with strength
enhancement functions transposed from the multifunctional aspect of biosystems (cellulose
polymers). Full details of these findings are reported as par of Article 1 published in this study
(section 3.2 below).
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3.2 Article 1-Feasibility of using cellulose filaments as a
viscosity modifying agent (VMA) in self-consolidating
concrete (SCC)
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Abstract
Nanomodification of concrete represents one of the phenomenal leaps in concrete technology
providing innovative tools for engineering cement composites with improved performance. In
self-consolidating concrete (SCC), for instance, designing flowable–yet stable and robust–SCC
mixtures requires an optimum balance between flowability and stability. This is conventionally
achieved by optimizing the dosage of high range water reducing admixtures (HRWRA)
indispensable for flowability, while increasing the binder content or introducing viscosity
modifying agents (VMA) necessary for stability. This study shows how cellulose filaments
(CF)–a

new

type

of nanocellulose materials–can

be

used

as

a

novel

tool

for rheology modification and strength enhancement in SCC. CF were incorporated at
concentrations ranging from 0.05 to 0.30% per weight of binder in cement pastes and SCC.
Rheological and mechanical properties of CF systems were compared to those of plain systems
and systems incorporating a commercially available VMA of Welan Gum type. Results showed
that CF serve as a VMA due to the buildup of flexible nanoscale CF networks. As such, a
geometry-based percolation model showed that at a concentration of 0.12 wt.%, a network of
percolating CF was formed. Beyond this CF content, the yield stress, the plastic viscosity, as
well as the HRWRA demand exhibited a substantial increase. CF networks increased mixture
viscosity–essential for stability–at low shear rates. On the other hand, at high shear rates, CF
networks led to lower apparent viscosity essential for improving pumpability; owing to the
streamlining of the flexible nanocellulose fibrils in the direction of flow, thereby imparting
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a shear thinning behavior. Furthermore, CF imparted improvement in mechanical performance
of 12–26% in compression, splitting-tension, and flexure. Research outcomes are expected to
contribute towards offering an alternative VMA with strength improvement potential while
contributing towards the implementation of sustainable materials for concrete technology.
Keywords: Cellulose filaments, Mechanical performance, Nanocellulose materials, Rheology
enhancement, Self-consolidating concrete, Viscosity modifying agents

1. Introduction
Nanomaterials have recently emerged as promising tools for engineering concretes with
enhanced performance and improved sustainability [1]. Thus, nanocellulose materials (NCM)–
being extracted from the most bounteous and renewable resource on the planet, and exhibiting
several remarkable properties such as increased elastic modulus, hydrophilicity, and surface
reactivity–are believed to shape a promising green candidate. The sustainability dimensions of
NCM stem from their intrinsic features such their biodegradability, low toxicity,
low environmental and health risks associated with their production, and low production cost
[2, 3, 4]. NCM cover an array of nanoscale plant-based materials with high cellulose purity
[2,5]. Common NCM with emerging applications in concrete technology include nanofibrillated
cellulose (NFC) [6]; microcrystalline cellulose (MCC) [7]; cellulose nanocrystals (CNC) [8];
bacterial nanocellulose (BC) [9]; and cellulose filaments (CF) [10]. Among these NCM, CF
represent a relatively new class with highly promising applications in concrete technology
owing to its hydrophilicity, high surface area, and high aspect ratio (100–1000) stemming from
its nanometric diameter (30–400 nm), but micrometric length (100–2000 μm).
CF have demonstrated enhancement in flexural strength and tensile-splitting capacity of 15–
25% in cement pastes and concrete [10] owing to higher degree of hydration and enhancement
of C-S-H phase micromechanical properties(indentation modulus and hardness) [11]. These
enhancements, though, were achieved with relatively very low concentrations (0.05–0.20%)
where filament dispersion is thought to be the most effective. This is possibly attributed to the
high surface area of CF (>80 m2/g) which increases the propensity of the filaments for selfassembly at high concentrations. CF tendency for self-assembly is believed to foster creating a
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fibrillated network. In light of the flexibility of CF fibrils, their inherent tendency for selfassembly has the potential to provide a micro/nano reinforcing mesh to stabilize the rheological
behavior of cement and concrete composites. This can increase mixture consistency and
homogeneity, enhance mixture stability and robustness, and translate into improved mechanical
performance in the hardened product. Such impacts on the properties of cement and concrete
composites may be viewed analogous to the well reported effect of viscosity modifying agents
(VMA).
VMA are polymeric materials which are introduced in mixtures and suspensions to increase
their viscosity and enhance their consistency [12]. In cement-based composites, commonly used
VMA consist of polysaccharides [13], microbial-source polysaccharides, and acrylic-based
polymers [12]. The mode of action of those different VMA depends mainly on their type.
Some water-soluble

polymers such

as cellulose

ethers and polyethylene oxides

act

by

increasing the viscosity of the mixing water. This is also true for some polysaccharides (e.g.
Diutan Gum) which are more effective in increasing the yield value of the liquid phase [13].
However, some other polysaccharides (e.g. starch) increase mixture viscosity by interaction
with mixture particles [13]. This is also the case of organic water-soluble flocculants (e.g.
natural gum) which act by adsorption onto cement grains. These VMA increase the viscosity
due to an enhanced inter-particle attraction between cement grains [14]. On the other hand,
water-swellable materials of high surface area–such as milled asbestos and bentonites–increase
the water retaining capacity [14].
Typical applications of VMA in concrete include underwater concreting intended for
repairing marine structures where mixtures should exhibit an adequate level of flowability, yet
show a reduced tendency to segregation and a minimal intermixing with the surrounding water.
VMA are also used in shotcrete applications where high cohesiveness and adequate resistance
to sagging are required at low shear rates without affecting concrete pumpability. Introducing
VMA in such concretes increases their pseudoplasticity. At increasing pseudoplasticity,
mixtures exhibit higher apparent viscosity at low shear rates –necessary to withstand sagging–
while demonstrating a relatively low resistance to flow at high shear rates, typically encountered
during pumping [15]. The most common use of VMA in concrete technology is in high-
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flowability concretes. These are the type of concretes where the optimum balance
between deformability and stability is a challenge. A very common type of flowable concrete
where VMA is used is self-consolidating concrete (SCC). A well-designed SCC mixture should
exhibit two key features: (i) an adequate deformability, while maintaining (ii) an excellent
stability. For SCC to fulfill deformability requirements, the mixture is adjusted such that it
contains increased quantities of high-range water-reducing admixtures (HRWRA) and a
reduced maximum size of coarse aggregates. To respond to stability requirements, however,
SCC mixtures should conventionally contain higher amount of binders. Alternatively, for
sustainability incentives, concrete practitioners use VMA to reduce the mixture demand in
binders [16]. The introduction of VMA in those concretes increases the mixture viscosity and
enhances its homogeneity. As a result, the separation propensity of the variable-density
constituents is attenuated, and the performance of the hardened product is improved. However,
some commercially available VMA such as Welan Gum (WG) are expensive and add to the
invoice of SCC, thereby rendering it a speciality concrete [17].
In this regard, and in light of CF characteristics described earlier (i.e., high surface area, high
aspect ratio, and high water-retention capacity), it is hypothesized herein that CF have a
significant potential to serve as an alternative VMA. In light of this hypothesis, the objective of
this study is to produce stable SCC mixtures using CF as a VMA. Initial applications of CF
emerged in the paper and pulp industry and its implementation in concrete technology as a VMA
is a relatively new research frontier. To achieve the above objective, the effect of CF–at solid
concentrations ranging from 0.05 to 0.30% by weight of binder–on hydration kinetics, flow
properties, rheological behavior, and mechanical performance was evaluated in cement
pastes and SCC. With cellulose being the most copious polymeric raw material on the planet
(imparting inherent strength to plant-based materials), it may be legitimate to believe that CF
can serve as a viable alternative VMA which can also have collateral functions such as internal
curing and reinforcing–which are not evident in conventionally used VMA. This is expected to
contribute towards the development of next-generation green cement composites with improved
performance and multifunctional characteristics.
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2. Experimental program
2.1. Materials properties
2.1.1. Basic concrete constituents
General Use (GU) Portland cement (CSA A3001) equivalent to Type I cement (ASTM C1157)
and class F-fly ash (FA) were used in this study. The particle size distribution for each of
these binders is shown in Fig. 1, while their physical properties and oxide-based chemical
compositions by X-ray fluorescence analysis are reported in Table 1. In the SCC mixtures,
crushed limestone coarse aggregates with 5–14 mm maximum aggregate size, 2.77 specific
gravity (SG), and 0.52% water absorption rate were used. Natural river sand with a SG of 2.65
and an absorption rate of 0.9% was employed. A HRWRA with 32% solid content–fulfilling the
requirements of ASTM C494 Type F admixtures [18]–was added at a dosage of 2.5 L/m3 to
secure the target flowability. A Welan Gum (WG)-based VMA with a solid content of 39% and
was introduced at a solid concentration of 0.05% by weight of binder. It is compliant with
requirements of ASTM C494 Type S admixtures [18].

Fig. 1. Particle size distribution of general use (GU) cement and class F-fly ash used in the
current study.
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Table 1. Chemical composition and physical properties of binders used in the study.
Chemical analysis (%)
Type
GU Class F-fly ash
SiO2
20.5
53.7
cement
Al2O3
4.0
17.5
Fe2O3
2.0
5.6
CaO
63.2
12.4
MgO
2.2
2.1
SO3
3.4
1.4
Na2O
0.2
1.6
K2O
0.9
2.0
Free lime
1.1
3.90
Loss-on-ignition
2.9
1.8
Insoluble residues
0.1
0.1
Blaine fineness (m2/kg)
431
287
Fineness, passing on 45 µm sieve (%)
91
95

2.1.2. Cellulose filaments
The CF used in this study were provided by Kruger Biomaterials Inc. (Trois-Rivières, Québec,
Canada) in a semi-dispersed form having a nominal moisture content of 70%. CF represent an
intrinsic part of the hierarchical structure of cellulose which impart intrinsic strength to plantbased materials (Fig. 2). According to the supplier, the filaments were derived from FSC®certified Kraft wood pulp using only virgin fibers to ensure optimum performance and
consistent properties. Additional to the intrinsic sustainability features of CF, the extraction
process of this material follows a green approach with a yield value of 100%. In fact, as per the
supplier, the filaments were extracted through a patented process that uses only mechanical
energy and does not involve any chemical or enzymatic treatment, nor does it produce effluent.
In addition, the production facility is almost entirely powered by renewable energy, thereby
minimizing the carbon footprint of CF.
The filaments have high flexibility and an extended length. They have a diameter of 30–400 nm,
a length of 100–2000 μm, and an aspect ratio of 100–1000. CF exhibit high surface area of more
than 80 m2/g. Owing to the above-mentioned extraction process, CF have high cellulose purity
(cellulose >95% and hemicelluloses < 5%). As such, it is free from impurities such as lignin,
pectin, wax, and soluble sugars. Fig. 3 shows a picture of water suspensions with varying CF
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contents, while Fig. 4 depicts a scanning electron microscope (SEM) image of a CF diluted
aqueous suspension at a concentration of 0.10%.

Fig. 2. Schematic illustration of the hierarchical structure of cellulose filaments (CF) used in
this study. Picture adapted from Hisseine et al. [11] with permission from ASCE.

Fig. 3. Aqueous suspensions of cellulose filaments (CF) used to prepare the different cement
systems considered in this study.

Fig. 4. Scanning electron microscope (SEM) image of a diluted aqueous suspension of
cellulose filaments (CF). Adapted from Hisseine et al. [11] with permission from ASCE.
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2.2. Mixture proportioning and procedures
To provide a more comprehensive assessment for the effect of CF on cement systems, both paste
and concrete systems were considered in this study. Six paste mixtures were designed with a
water-to-cement ratio (w/c) of 0.5. This includes a plain mixture (designated herein as Ref.), a
mixture with 0.05% of a Welan Gum-based VMA designated as (0.05% WG), and four mixtures
with CF concentrations of 0.05, 0.10, 0.20, and 0.30% by weight of binder (Table 2).
For concrete mixtures, two series of SCC with a water-to-binder (w/b) ratio of 0.42 were
considered. In the first test series, the mixture content in HRWRA was kept constant at 2.5 L/m3.
In these mixtures, the effect of CF–at concentrations of 0%, 0.10%, 0.15%, and 0.20 %–on fresh,
rheological, and mechanical properties was evaluated. In the second test series, in an attempt to
produce rheologically equivalent SCC systems (necessary for a better evaluation of the
influence of CF on SCC properties), the mixture demand in HRWRA required to achieve a
slump-flow of 700 ± 35 mm was adequately adjusted when CF were incorporated at
concentrations of 0%, 0.05%, 0.10%, 0.15%, and 0.20%. In both test series, a mixture with a
commercially available VMA (Welan Gum) fulfilling the requirements of ASTM C494 Type S
VMA was used at a solid concentration of 0.05% by weight of binder (Table 3).
To produce the different CF concentrations, CF aqueous suspensions were prepared by diluting
the as-received material in water by applying high shear mixing. Further details about the
procedure followed for preparing the different CF concentrations can be found elsewhere [10].
To prepare paste mixtures (where no HRWRA was used), CF suspension was added to the total
adjusted batch water then the mixing process for the different pastes was carried out in
compliance with ASTM C305 guidelines [19]. For SCC mixtures (where the addition of
HRWRA was imperative), the batch water (apart from the water used in preparing the CF
suspension) was mixed with the HRWRA and divided into two parts, one of which was mixed
with the CF suspension.
The mixing procedure of SCC mixtures consisted of homogenizing the sand and coarse
aggregates for 1 min. The first half of the mixing water containing CF was then added, and the
mixing process continued for another 1 min. Later, the cementitious materials were added and
mixed for 0.5 min, followed by adding the second half of the mixing water and the material was
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mixed for 2.5 min. Following 2 min of rest, the material was remixed for another 2 min. At the
end of mixing (7 min from the initial cement-water contact), the concrete mixture was cast for
the various tests. Specimens for mechanical properties were cast from each batch then demolded
at the age of 24 ± 1 h. Samples for 1-day compressive strength were then tested, while the rest
was kept in a controlled curing room at 100% RH and 23 °C until the age of testing.

Table 2. Mix proportions of cement pastes.
Paste mixtures
Ref.
0.05% WG
0.05% CF
0.10% CF
0.20% CF
0.30%CF

Cement
500
500
500
500
500
500

Mass(g)
Water
250
250
250
250
250
250

CF
0
0
0.25
0.50
1.00
1.50

Volume (cm3)
Cement
Water
159.2
250
159.2
250
159.2
250
159.2
250
159.2
250
159.2
250

CF
0
0
0.17
0.33
0.67
1.00

(CF/cement)
vol.%

0.10%
0.21%
0.42%
0.63%

Table 3. Concrete mix proportions, kg/m3.
Component
WG VMA (solid content)
Cellulose filament (solid content)
Test series I
HRWRA, L/m3
Test series II
Type GU cement
Class F fly ash
Total binder
Water
Sand (0-5 mm)
Coarse Aggregate (5-14 mm)
*Mixture tested only in test series II

Ref.
2.5
2.0

0.05% WG
0.244
2.5
2.8

0.05% CF*
0.244
2.5
2.8
365
122
487
200
804
825

0.10%
CF
0.487
2.5
3.0

0.15%
CF
0.731
2.5
3.7

0.20% CF
0.974
2.5
5.2
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2.3. Testing procedures
2.3.1. Tests on paste mixtures
2.3.1.1. Rheology
The rheology of paste mixtures was assessed using a coaxial cylinder rheometer with a serrated
surface providing a shear gap of 1.126 mm. The rheological parameters [i.e., yield stress (τ0)
and plastic viscosity (μp)] were determined from the mathematically modified Bingham model
[20] described as:
τ=τ0+μpγ′+cγ′2

(1)

Where τ0 = yield stress (Pa), μp = plastic viscosity (Pa.s), γ′ = shear rate (s−1), and c = constant
with most common values ≤ 0.001 which can be considered to be equal to zero when compared
to the values of yield stress and plastic viscosity [21].
2.3.1.2. Isothermal calorimetry
The effect of CF on heat of hydration was evaluated by assessing the heat evolution in paste
mixtures using a TAM Air isothermal calorimeter. From each mixture, a 3.0-g sample was
placed into the calorimetric chamber kept at a constant temperature of 22 ± 0.1 °C. Heat
measurements were collected for a continuous period of 48 h.
2.3.2. Tests on concrete mixtures
2.3.2.1. Flow properties
For concrete mixtures, the assessment of fresh properties was conducted using common SCC
fresh property tests which include: (i) the slump-flow diameter, the time required to reach a
500 mm spread diameter (T500), and the visual stability index (VSI) (ASTM C 1611) [22]; (ii)
the J-Ring spread diameter and blockage ratio (ASTM C 1621) [22]; and (iii) the V-Funnel
(EFNARC 2005) [23].
The VSI is a visual assessment tool for SCC stability. It was originally developed by BASF and
subsequently incorporated in ASTM standards (ASTM C 1611) [22]. It consists of visually
inspecting the concrete mixture (once spread and its flow stopped) then assigning a VSI index
(0–3) by: (i) observing the distribution of coarse aggregates within the concrete mass, (ii) the
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distribution of the mortar fraction particularly along the perimeter, and (iii) the bleeding
characteristics. The VSI is assigned on the basis of the following criteria: 0 = highly stable
mixture with no evidence of segregation or bleeding. 1 = stable mixture with no evidence of
segregation, but slight bleeding observed as a sheen on the concrete mass. 2 = unstable mixture
with a slight mortar halo ≤0.5 in. (≤10 mm) and/or aggregate pile in the center of the concrete
mass. 3 = highly unstable, clearly segregating by evidence of a large mortar halo ≥0.5 in.
(≥10 mm) and/or a large aggregate pile in the center of the concrete mass.
2.3.2.2. Rheology
The rheology of concrete mixtures was assessed using a ConTec 5 rheometer which consists of
a fixed outer cylinder and an inner rotating bladed cylinder. The rotation speed was adjusted to
increase from 0.025 to 0.5 revolutions per sec (rps) in 10 points such that 50 resistance-time
measurements are recorded at each point.
2.3.2.3. Strength development
For all SCC mixtures, compressive strength (ASTM C39) [24] on 100 × 200 mm cylinders (at
1, 7, and 28 days), splitting-tensile capacity (ASTM C496) [25] on 100 × 200 mm cylinders (at
28 days), and flexural strength (ASTM C78) [26] on 100 × 100 × 400 mm prisms (at 28 days)
were assessed. The flexural strength assessment of concrete was conducted using a four-points
bending configuration in a displacement controlled mode at a displacement rate of 0.0008 mm/s.
2.3.2.4. Microstructural analysis
To investigate the interaction between CF and the cementitious matrix, a high resolution field
emission gun (FEG) scanning electron microscopy (SEM) of type Hitachi S-4700 equipped
with an Oxford Energy Dispersive Spectroscopy (EDS) of type X-Max was employed. Analysis
was conducted on fresh fractured surfaces at 28+ days for typical paste and SCC mixtures.
Specimens were glazed with a gold palladium coat during 60 s to attenuate the effect of
surface charges induced by the ultra-high energy electron beam. A double-face adhesive carbon
film was placed between the specimens and the specimen-holding plate to foster conductivity.
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A secondary electron (SE) detector, operated at 3.0 kV accelerating voltage and an emission
current of 10 μA, was adopted for the analysis of fractured specimens.

3. Results and discussion
3.1. Results and discussion of paste mixtures
3.1.1. Rheological performance
Figures 5-7 present the results of rheological measurement for the different paste mixtures
considered in this study. Fig. 5 presents the flow behavior fitted to the modified Bingham model,
while Fig. 6 illustrates the variations of rheological parameters [i.e., yield stress (τ0) and plastic
viscosity (μp)] in the different pastes. Fig. 5 indicates that the modified Bingham model
describes quite well the flow behavior of tested paste mixtures with a coefficient of
determination R2 ≥ 0.93 throughout all mixtures. The figure also indicates that the incorporation
of CF increased both the yield stress and the plastic viscosity for all ranges of shear rate (γ’).
However, it appears that CF had a relatively more significant effect on yield stress than on
plastic viscosity. This is further confirmed by Fig. 6 indicating that the use of 0.05%WG
increased the yield stress from 8.4 to 13.4 Pa (or 1.6 times). On the other hand, the use of CF at
0.05, 0.10, 0.20 and 0.30% increased the yield stress to 12.5, 18.1, 30.1, and 34.8 Pa,
respectively. This corresponds to increments in yield stress of 1.5, 2.2, 3.6, and 4.1 times,
respectively. As for the plastic viscosity, the use of 0.05% WG increased the plastic viscosity of
the reference mixture from 0.225 to 0.298 Pa.s (1.3 times). For CF mixtures, CF dosages of 0.05,
0.10, 0.20 and 0.30% increased the plastic viscosity of the reference system (0.225 Pa.s) to
0.294, 0.384, 0.594, and 0.770 Pa.s, respectively. This corresponds to 1.3, 1.7, 2.6, and 3.4,
respectively.
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Fig. 5. Shear stress (τ)–shear rate (γ′) response for the different paste mixtures.

Fig. 6. Rheological parameters of cement pastes.

Fig. 7. Variation in apparent viscosity (μap) in function of shear rate (γ′) in the different paste
mixtures.
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The above results demonstrate the significant effect of CF on altering the rheology of cement
pastes. At the same concentration of 0.05% in WG and CF, and in the absence of HRWRA, WG
and CF showed comparable behavior in both yield stress and plastic viscosity. Further increase
in CF dosage led to substantial increase in both yield stress and plastic viscosity with a sort
of inflection point (in the trend of yield stress and plastic viscosity) between CF dosages of 0.10
and 0.20%.
On the other hand, the trend of yield stress and plastic viscosity described above reveals that the
increase in the plastic viscosity is relatively lower in magnitude than the increase in the yield
stress. This can be linked to the shear thinning effect exhibited in mixtures with CF. This is
further confirmed by Fig. 7 illustrating the variation of apparent viscosity (μap) in function of
shear rate. The figure indicates that while the apparent viscosity in mixtures with CF is
significantly high at low shear rates, it experiences substantial drop as shear rate increases. For
instance, the apparent viscosity at the low shear rate of 10 s−1 for the different mixtures (Ref.;
0.05% WG; 0.05, 0.1, 0.2, and 0.30% CF) was respectively, 0.390, 0.602, 0.610, 0.765, 89, and
0.995 Pa.s. At high shear rate of 150 s−1, the apparent viscosity for the above mixtures decreased
to 0.109, 0.131, 0.131, 0.161, 0.244, 0.363 Pa.s, respectively. This corresponds to a decrease of
72, 78, 78, 79, 73, and 64%, respectively. This describes the pseudoplastic behavior exhibited
by the paste mixtures. This behavior appears to be more significant in the mixture with WG and
the ones with CF up to 0.10%. However, the percentage drop in the apparent viscosity in the
mixture with 0.20% CF appears comparable to that of the plain mixture., while the mixture with
0.30% CF had a relatively lower percentage drop in apparent viscosity perhaps due to the very
high CF content. Nonetheless, the shear thinning behavior can still be noticed.
The effect of CF on altering the rheological performance of cement systems is attributed to
the hydrophilic nature of the filaments and and to their nano-fibrillated structure.
The hydrophilicity of CF and the omnipresence of hydroxyl (OH−) groups on the surface
of cellulose molecules foster water adsorption whereby water molecules adhere to
the periphery of CF via hydrogen bonding [27]. This may allow CF to fix and imbibe part of
the mixing water. The high water retention capacity of CF may also sprout from the high
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molecular weight of cellulose molecular chains making up CF [28], since high molecular
weight correlates well with higher water retention capacity in cellulose polymers [29].
On the other hand, the higher effect of CF on the yield stress than on the plastic viscosity as
reflected by the shear thinning effect exhibited in mixtures with CF can be ascribed to the
formation and buildup of CF networks. The nano-fibrillated structure, flexibility, and high
aspect ratio of CF promote the intertwining and entanglement of individual filaments and/or the
formation of filament networks. This increases the viscosity at low shear rates, hence the higher
yield stress. At high shear rates, however, CF entanglements and networks are more likely to be
dislodged whereby individual filaments would be streamlined in the direction of flow. Thus,
mixture resistance to deformation may be decreased. In light of the above results, the VMA
effect imparted by CF appears to be significantly influenced by the formation of CF networks.
In this regard, it is believed that at the addition of low CF concentrations (e.g. 0.05%), a network
of scattered filaments is formed. Upon further addition of CF, the network increases in
complexity until a dosage where all filaments are connected or percolated. Beyond such a
dosage, also called percolation threshold, mixture rheology would most probably exhibit some
remarkable changes. Therefore, the next section is dedicated to evaluating whether there exists
a correlation between a geometry-based percolation threshold and the rheological
measurements.
3.1.2. Build-up of CF networks and percolation threshold
The result discussed in the previous section shed the light on the significant effect of CF on the
rheology of cement systems even at low CF concentrations. The exact mechanism responsible
for the effect of CF as a VMA, however, is yet to be fully understood. It may involve physical
parameters (e.g., water retention associated with the hydrophilic CF, steric shielding due to the
significantly high surface area and aspect ratio, and formation of a CF network due to the high
aspect ratio coupled with the flexibility of filaments). The mechanism may include
also chemical parameters such CF interaction with the different charged systems in pore
solution as well as the interaction with HRWRA. Nonetheless, it appears that the tendency of
the filaments to form a network has a major contribution in their VMA effect. To elaborate this,
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let's consider a plain cement paste with high w/c. In such a system, cement particles are well
suspended in the mixing water [Fig. 8 (a)]. Owing to the high surface area and aspect ratio of
CF, it is perceptible that the addition of even a small amount of CF will obstruct the aqueous
gaps between cement grains and create some bridges between some cement particles [Fig.
8 (b)]. This increases relatively the mixture viscosity. The addition of further CF intensifies
these bridges which consequently lead to even higher viscosity. The formation of these bridges
would continue spatially in a three-dimensional scale until an eventually continuous network of
filaments is formed [Fig. 8 (c)]. The minimum amount of CF necessary to form a threedimensional continuous network of connecting particles corresponds to the so-called percolation
threshold [30]. While the formation of a CF network and the associated concept of percolation
threshold are perceived herein to play a pivotal role in the VMA effect of CF, this VMA effect
can be even transposed into enhancement in mechanical performance in the hardened product.
In fact, research works on nanocellulose-reinforced polymer composites indicate that a
mechanically percolating network of nanocellulose particles can form within the host matrix in
a way that fosters the mechanical solicitation [31,32]. In this regard, the percolation threshold
that depends mainly on the aspect ratio of the nanoparticles plays a fundamental role
[31, 32, 33]. Deep-rooted in nanocomposites and polymer sciences [30, 34], the percolation
theory has also been used in cement systems [35, 36, 37]. In this study, a geometry-based
percolation model developed by Garboczi et al. [38] has been employed to predict the
percolation threshold. The model estimates the percolation threshold on a volume basis, based
on the geometry of particles without considering the interactions between the particles and
between the particles and the medium. The model is expressed as:

𝑝𝑐 =

𝑠𝑥+𝑥 2
ℎ+𝑓𝑥+𝑔𝑥 3/2 +𝑐𝑥 2 +𝑑𝑥 3

Where h=7.742, f=14.61, g=12.33, c =1.763, d=1.658, and s=9.875.

(2)
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Fig. 8. Schematic illustration of the proposed mechanism contributing to explaining the
viscosity modifying effect of cellulose filaments (formation and buildup of network of CF).

To implement Eq. (2), the supplier-provided aspect ratio of CF (100–1000) was used. While this
initial aspect ratio of CF varies across a large range, it has been reported that fiber processing
such as pre-treatment or dispersion process can lead to significant fiber shortening, thereby
decreasing the aspect ratio [39]. Depending on fiber processing prior to incorporation into the
matrix, the final aspect ratio can drop to 25-500 [2]. As such, in light of the morphological
similarities between CF and microfibrillated cellulose (MFC)-also having nanometric diameter
but micrometric length, an aspect ratio of 250 has been inferred from MFC dimensions reported
in the literature [2, 40, 41, 42]. This value still represents the highest aspect ratio among all
common nanocellulose materials, namely, NFC (≈100) [2], CNC (≈50) [5], and BC (≈10) [2].
At the aspect ratio of 250 adapted for CF, the above percolation model estimates the percolation
threshold at a CF volume fraction of 0.249%. This corresponds to a CF mass fraction of 0.12%.
Considering that the above model predicts the percolation threshold in an inert medium, the
geometrical percolation threshold of 0.12 wt. % is expected to be slightly different in the cement
matrix due to the effect of different charged species. Nonetheless, it may be used as an indicator
for the concentration of CF where a continuous network of filaments develops in an inert
medium.
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Physically, when a dispersed material reaches a percolation threshold, its bulk material
properties undergo some sudden transitions such as from insulation to conductivity in electric
conductors [43] and from shear thinning to shear thickening in rheology [37]. In this regard, the
rheological measurements of paste mixtures discussed in the previous section indicate that both
the yield stress and plastic viscosity undergo a sudden increase beyond a CF concentration of
0.10%. This is quite close to the CF percolation threshold of 0.12% predicted by the percolation
model. While more research is needed to understand further mechanisms underpinning the
VMA effect of CF, the above observations substantiate that CF–additional to their water
retention capacity–can alter mixture viscosity via the formation a fibrillated network. The latter
is more likely to increases in complexity when the filaments develop a continuous threedimensional mesh. At this stage, the mixture rheological parameters would experience abrupt
changes as observed in the rheological measurements of tested paste mixtures.

3.1.3. Isothermal calorimetry
Fig. 9 and Fig. 10 present the results of isothermal calorimetry for the different paste mixtures
considered in this study. Evaluation of the effect of CF on heat of hydration was deemed
necessary because conventionally used VMA often interfere with the kinetics of cement
hydration. This is ascribable to the adsorption of the VMA polymer chains onto cement
particles, thereby impeding the solubilisation of mineral species in pore solution and influencing
the hydration kinetics, in consequence [33]. Fig. 9 shows the heat evolution in the different paste
systems. The figure indicates that while the effect of CF can't be clearly captured within the first
6 h or so, higher heat release can be observed beyond the first 6 h in all CF mixtures.
Furthermore, the figure shows that in mixtures with CF, the time required to reach
the silicate hydration peak was comparable to that of the reference mixture. Moreover, the heat
release corresponding to the silicate hydration peak was slightly higher in all mixtures with CF.
Additionally, the sulfate depletion peak–particularly for the mixture with 0.30% CF–was
slightly higher. On the other hand, the mixture with 0.05% WG exhibited a reduction in heat
release (≈5%) as well as a noticeable retardation effect as compared to the plain system. While
the reference mixture and all mixtures with CF reached the silicate hydration peak at ∼8.75 h,
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the mixture with the 0.05% WG reached the silicate hydration peak 2 h later. This indicates that
when CF were used as a VMA at the above tested dosages, no adverse effects on hydration
kinetics were noticed. This is, however, not the case in most common VMA which cause
retardation such as cellulose-ether-based VMA [44] and some polysaccharides such as Welan
Gum [45].

Fig. 9. Evolution of heat of hydration over time for the different paste mixtures.

Fig. 10. Cumulative heat release in function of time for the different paste mixtures.
The effect of CF on heat evolution is further confirmed by the cumulative heat release (Fig. 10),
whereby the total released heat was relatively higher in all CF mixtures compared to that of the
reference. The mixture with 0.30% CF and the one with 0.20% CF, for instance, exhibited,
respectively, 7 and 5% higher cumulative heat than that of the reference.
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The increased heat of hydration observed in CF-mixtures can be associated with the alkaline
hydrolysis of cellulose (at early ages of hydration) or with an curing effect at later ages. At early
ages (within the first 24 hrs), the exothermic alkaline hydrolysis reaction of cellulose–producing
organic acids and non-acidic products–promotes cement hydration [46]. On the other hand, at
relatively later ages (beyond 24 hrs), as the cementitious matrix hardens, the hydrophilic and
hygroscopic CF is more likely to serve as an internal curing agent. In this regards, CF could
provide supplementary water to foster the hydration process by promoting the solubilisation of
further anhydrous cement grains [11].
The increased heat of hydration observed in mixtures with CF is consistent with other relevant
studies on nanocellulose materials where increased heat of hydration was reported in a more
pronounced manner in cement systems incorporating MCC [7], CNC [8], BC [9], and cellulosebased polymers [47]. This can result in a higher degree of hydration which can influence the
mechanical performance [8, 11, 48, 49].
Nonetheless, it should be elucidated that the net effect of cellulose materials on hydration
kinetics is primarily contingent on the product of cellulose alkaline hydrolysis [50].
Onuaguluchi et al. [51] indicated that cellulose nanofibers showed some retardation effect at
first few hours–due to the viscous nanocellulose suspension impeding the solubilisation of
cement active phases–but lead to higher heat release at later ages. Cao et al. [8] reported slight
retardation, but overall higher heat with CNC when the latter was used in Type V cement–low
C3A–owing to the adherence of CNC to anhydrous cement particles. Tongfei et al. [48] reported
attenuated retardation with CNC when Type I/II cement was used owing to the higher content
in C3A which has a higher propensity for absorbing CNC. On the other hand, they showed that
both CNC source and cement type can significantly influence hydration kinetics.
The correlation between the alkaline hydrolysis of cellulose and the hydration kinetics in
cellulose-based cement systems may also explain the retardation effects commonly encountered
in conventional natural fibers such as hemp, flax, jute, coir, bamboo, and others. In fact, these
fibers contain–in addition to cellulose–other compounds such as hemicelluloses, lignin,
and pectin for which the alkaline hydrolysis leads to the formation of water soluble sugars that
can impede cement hydration [52]. The dissolution of those soluble sugars produces calcium
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compounds which act as inhibitors against the formation of calcium-silicate hydrates (C–S–H),
thereby decreasing the heat release [53]. However, this is not exactly the case with nanocellulose
materials such as the tested CF composed of mainly cellulose. As such, with the high cellulose
purity of CF (cellulose content >95% and hemicellulose content <5% as supported by liquid
chromatography), and in the absence of lignin and pectin and other soluble sugars [10], it is
expected that the enhancement in cement hydration (due to the alkaline hydrolysis of cellulose)
may overcome the impediment of cement hydration (associated with the dissolution of soluble
sugars). This may result in a net higher hydration heat as observed herein.
Overall, while test results suggest that the incorporation of CF slightly increases the heat of
hydration and does not cause retardation, it can conservatively be concluded that using CF as a
VMA does not affect the hydration kinetics. This is particularly important in light of the adverse
effects on hydration kinetics encountered when high dosages of conventional VMA are used,
though some researchers ascribe such negative effects to the sharp increase in the HRWRA
required to maintain a desirable balance between stability and flowability [54].

3.2. Results and discussion of SCC mixtures
As mentioned earlier, two series of SCC mixtures were considered in this study. To facilitate
the discussion, each test series is addressed in a separate section. In test series I, in an attempt
to capture the bare effect of CF on flow properties and rheological parameters of SCC, the
content of HRWRA was kept constant across all mixtures. In test series II, the demand in
HRWRA necessary to maintain a target slump-flow diameter of 700 ± 35 mm was adjusted
across all mixtures, in an attempt to obtain rheologically comparable systems which are to be
assessed for their fresh properties and mechanical performance.

3.2.1. Results of test series I-SCC mixtures (constant HRWRA)
3.2.1.1. Flow properties
The fresh properties of series I-SCC mixtures are displayed in Table 4. Measurements of slumpflow show that while the reference mixture had a spread diameter of 785 mm, the addition of
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0.05% WG reduced the spread diameter to 560 mm. On the other hand, SCC mixtures containing
CF at 0.10%, 0.15%, and 0.20% recorded further reduction in the spread diameter, namely, 540,
320, and 305 mm, respectively. Thus, mixtures with CF, particularly at 0.15 and 0.20% marked
a significant drop in workability. These observations are also consistent with the measurements
collected from the J-Ring spread diameter. The reduction in the spread diameter in the mixtures
with WG or CF was reflected on the extended flow time. The V-Funnel flow time in the mixture
with 0.05% WG and the one with 0.10% CF increased by more than twice as compared to that
of the reference mixture. For CF dosages of 0.15% and 0.20%, this increment was more than 7
and 9 times, respectively. Since the dosage of HRWRA was kept constant across all mixtures,
the effect of CF on reducing the workability was so significant that for CF dosages of 0.15%
and 0.20%, the measurement of T500 was not possible since mixtures exhibited very high
viscosity. The higher viscosity imparted by CF, enhanced mixture stability. Nonetheless, the
stability imparted by CF in this series should be regarded with precaution. This is because the
dosage of HRWRA was maintained the same in all mixtures to capture the bare effect of CF on
flow properties and rheological parameters. Consequently, reduction in slump-flow, increment
in flow-time, and increase in VSI were obviously imperative. The slump-flow of the reference
being 780 mm, would definitely imply high fluidity and high risk of segregation. On the other
hand, the slump-flow in all other mixtures was far lower than that of the reference, which by
itself influences the stability. For this reason, it is remarkable that for a recommended slumpflow diameter between 500 and 700 mm and a T500 between 2 and 5 s as suggested by Nagataki
and Fujiwara [55] and a V-Funnel flow time between 6 and 12 s as recommended by EFNARC
[23], only the mixture with 0.05% WG and the one with 0.10% CF can be viewed as satisfactory
since the dosage of HRWRA was kept constant in all mixtures.
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Table 4. Fresh properties of series I-SCC mixtures.
SCC
Mixtures Air content
(%)
(series I)
Ref.
0.05%WG
0.10% CF
0.15% CF
0.20% CF

1.0
2.3
1.5
3.0
3.1

Unit weight
(kg/m3)
2315
2386
2373
2316
2320

Slump flow
Diameter
T500 (sec)
(mm)
785
1.83
560
2.83
540
5.12
320
305
-

VSI
2
1
1
0
0

J-Ring
Diameter
(mm)
770
470
455
310
300

V-Funnel flow
time (sec)
2.13
5.22
5.34
14.75
20.34

3.2.1.2. Rheology
Fig. 11 and Fig. 12 present the rheological measurements of series I-SCC mixtures. Fig.
11 displays the rheological response represented by the relationship between the shear stress the
shear stress (τ) and the shear rate (γ′). This was bone by fitting the flow behavior to the Bingham
model:
τ=τ0+μpγ′

(3)

Where τ0 = yield stress and μp = plastic viscosity.

Fig. 11. Shear stress (τ)–shear rate (γ′) response in series I–SCC mixtures.
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Fig. 12. Variation of apparent viscosity (μap) in function of shear rate (γ′) in series I–SCC
mixtures.
Fig. 11 shows increased viscosity at low shear rates as expressed by the higher yield stress when
CF were used. The yield stress in the reference mixture was 52 Pa. In the mixture with 0.05 WG
and the mixtures with CF (0.1, 0.15, and 0.20%), the yield stress was 113, 118, 271, 465 Pa.
This corresponds to increments in yield stress of, respectively, 2.2, 2.3, 5.2, and 8.9 times that
of reference. In contrast to the sharp increase in the yield stress, the increment in plastic viscosity
was relatively less sharp as can be inferred from the flow curves which are almost parallel to
that of the reference (with the exception of the mixture with 0.30% CF). The plastic viscosity of
the reference mixture was 37 Pa s. In the mixture with 0.05%WG and the mixtures with CF (0.1,
0.15, and 0.20%), the plastic viscosity was equal to 26, 56, 65, and 79 Pa s, respectively. This
corresponds to increments in plastic viscosity of, respectively, 0.7, 1.5, 1.8, and 2.1 times that
of the reference.
The increased yield stress (hence the higher viscosity at low shear rates) observed herein is also
consistent with the reduced workability in CF-mixtures observed in the previous section. On the
other hand, the relatively attenuated plastic viscosity at high shear rates can be associated with
shear thinning–or pseudoplastic–behavior imparted by CF. This is better illustrated in Fig.
12 showing the relationship between the apparent viscosity (μap) and shear rate (γ′). The figure
indicates that SCC mixtures with WG or CF exhibited a shear thinning behavior where the
apparent viscosity decreases with the increase in shear rate. Such a trend was not evident in the
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reference mixture where the variation in the apparent viscosity as shear rate increases was very
subtle. The shear thinning behavior observed in mixtures with CF is traceable to the fact that at
low shear rates, the long and flexible nanocellulose fibrils may intertwine and entangle to inhibit
deformation, thereby accelerating the viscosity buildup and increasing the apparent viscosity.
As CF concentration increases, the intertwining and entanglements may form a structured
network. This further increases the yield stress and the apparent viscosity. With increasing shear
rates, however, most likely CF entanglements are dislodged, CF networks are pulverized, and
individual filaments are streamlined in the direction of the flow, thereby decreasing the mixture
resistance to deformation and yielding a reduction in apparent viscosity as observed.
The pseudoplasticity is an interesting feature in cement mixtures as the high apparent viscosity
at low shear rates enhances the capacity of mixtures to maintain their constituents in suspension,
thereby reducing the rate of sedimentation of fines and segregation of aggregates. On the other
hand, the reduced apparent viscosity exhibited at high shear rates–due to the shear thinning
behavior–facilitates pumping and placing [15].

3.2.2. Results of series II-SCC mixtures (variable HRWRA dosage)
3.2.2.1. Flow properties
Table 5 presents the flow properties of series II-SCC mixtures. Measurements of slump-flow
show that all tested mixtures exhibited a slump-flow of approximately 700 ± 35 mm. The slumpflow of 710 mm in the reference mixture in this test series–as compared to 785 mm in series I–
is due to the reduction in HRWRA from 2.5 to 2.0 L/m3. This adjustment was deemed necessary
in an attempt to reduce the risk of segregation in the reference mixture. While increasing the
HRWRA dosage in mixtures with WG or CF was imperative to achieve a target slump-flow
comparable to that of the reference, the demand in HRWRA was substantially high at increasing
CF dosages (Fig. 13). The increase in HRWRA demand in the mixtures with 0.05% WG, 0.05%
CF, and 0.10% CF was, respectively, 15, 15, and 27% relative to the reference. For the mixtures
with 0.15 and 0.20% CF, however, this increase corresponds to 58 and 138%, respectively. The
above slump-flow results are within the EFNARC range for slump-flow class II (660–750 mm)
and are also consistent with the measurements of J-Ring spread. While all mixtures had
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comparable slump-flow, it is observable that with increasing CF content, mixtures have high
resistance to deformation particularly in the presence of obstacles. This was reflected in the
results of J-ring test where relatively lower spread diameter was recorded in mixtures with high
CF (0.15 and 0.20% CF). Likewise, the blockage ratio for both J-ring and L-box was relatively
lower as CF dosage increases. However, this trend is not the same in the flow time. The flow
time evaluated by the T500, the V-funnel passing time, and the L-Box passing time was observed
to increase with the incorporation of CF up to a content of 0.10%. Beyond 0.10% CF, the flow
time was observed to reduce relatively. While further work is needed to reconcile between the
increased viscosity with the reduced flow-time in mixtures with high CF content, this feature
may be linked to the significant amount of HRWRA–used in mixtures with CF content beyond
0.10%–which may reduce the flow time. However, this reduced flow-time may not be
necessarily translated into higher passing ability due to the effect of CF on creating a fibrillated
network, thereby increasing the self-assembly of mixture constituents and interfering with the
obstacles (bars) in the J-ring and L-Box test. The self-assembly feature imparted by CF on SCC
enhances mixture homogeneity and stability. As a result, all mixtures with CF recorded higher
visual stability index (0 = highly stable or 1 = stable) than the reference mixture (2 = unstable)
as expected.

Fig. 13. Variation of mixture demand in high range water reducer (HRWR) across the
different series II–SCC mixtures.
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Table 5. Fresh properties of series II-SCC mixtures.
SCC
mixtures
(series II)
Ref.
0.05% WG
0.05% CF
0.10% CF
0.15% CF
0.20% CF

Air content
(%)

Unit weight
(kg/m3)

1.7
3.5
2.1
2.3
2.6
3.1

2328
2351
2369
2336
2341
2352

Slump flow
Diameter
T500 (sec)
(mm)
700
1.94
685
2.10
670
2.20
700
1.85
690
1.75
665
1.60

VSI
2
1
1
1
0
0

J-Ring
Diameter
Blockage
ratio
(mm)
685
660
620
630
600
570

0.86
0.83
0.82
0.82
0.81
0.81

L-Box

V-Funnel
flow time
(sec)

Time (s)

Blockage
ratio

3.47
5.02
5.06
4.73
4.01
3.50

1.92
1.89
1.97
1.86
1.81
1.78

0.83
0.83
0.83
0.82
0.81
0.81
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3.2.2.2. Rheology
Fig. 14 and Table 6 present the rheological measurements of test series II-SCC mixtures. Fig.
14 displays the rheological response fitted to the Bingham model. Results indicate that for the
mixture with 0.05%WG and the one with 0.05% CF, the rheological parameters were quite
comparable to that of the reference: yield stress ∼28 Pa and plastic viscosity ∼15 Pa s. However,
for the mixtures with 0.01, 0.15 and 0.20% CF, the yield stresses (38.12, 48.39, 57.95 Pa s,
respectively) and plastic viscosities (16.95, 17.15, and 19.62, respectively) were higher.
Furthermore, the increase in plastic viscosity is lower than the increase in yield stress. The
increase in yield stress and plastic viscosity at high CF dosage explains the significant demand
in HRWRA (Fig. 13). On the other hand, the increase in HRWRA in function of CF dosage
reveals that at approximately 0.15% CF, the HRWRA demand increases substantially as
reflected by the inflection in the trend. The CF dosage of 0.15% is in the vicinity of the
percolation threshold of 0.12% identified earlier. These observations further confirm the
existence of a CF content beyond which rheological measurements undergo abrupt changes due
to the formation of a network of interconnected CF fibrils. This obviously increases mixture
resistance to deformation and leads to a substantial increase in the HRWRA necessary to achieve
a target slump-flow diameter.

Fig. 14. Shear stress (τ)–shear rate (γ′) response in series II–SCC mixtures.
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Table 6. Rheological parameters of series II-SCC mixtures
SCC Mixtures
Ref.
0.05%wg
0.05% CF
0.10% CF
0.15% CF
0.20% CF

Yield stress (Pa)
16,445
15,79
15,847
16,85
17,035
19,616

Plastic viscosity (Pa.s)
29,558
29,75
26,585
38
48,39
57,947

3.2.2.3. Strength development
3.2.2.3.1. Compressive strength
Table .7 shows all tested mechanical properties for series II-SCC mixtures. Results indicate that
the overall effect of tested dosages of WG and CF on compressive strength varies with the
curing age. At one day for instance, all mixtures recorded slightly lower strength relative to the
that of the reference, except the mixture with 0.05% CF which had about 8% higher strength.
From 7 to 28 days, strength parity or enhancement was achieved by all mixtures. The
enhancements in compressive strength in the mixtures with 0.05% WG, 0.05%CF, 0.10%CF,
and 0.15% CF correspond to 10, 12, 10, and 3% respectively. On the other hand, the mixture
with 0.20% exhibited a comparable strength to that of the reference. The lower compressive
strength recorded at early age (1 day) in the mixture with 0.05% WG may be correlated with the
possible interference between the VMA polymer chains adsorbed on cement grains and the
precipitation of cement active phases. This may affect the hydration kinetics and delay the
strength development [45] as observed herein. This is also consistent with the calorimetry results
depicted earlier in Fig. 9, Fig. 10 where the mixture with 0.05% WG exhibited about 2 h
retardation in the time required to reach the silicate hydration peak, 5% lower heat release at
silicate hydration peak, and 4% lower cumulative heat release. On the other hand, in mixtures
with CF, the decreased 1-day strength with higher CF dosage can be linked to poor CF
dispersion at higher dosages [10], while the enhanced strength afterwards can be attributed to
the time-dependent development of bond between nanocellulose materials and cement hydrates
[49]. Interpretations by Hoyos et al. [7] indicate that as cement hydration proceeds, the
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omnipresence of OH− groups on the surface of nanocellulose materials can promote the
formation of hydrogen bonds with hydration products containing hydrogen in their structure
such as calcium-silicate-hydrate (C-S-H) and calcium hydroxide (CH). The increased strength
in mixtures with CF is also in harmony with the higher heat release (up to 7%) observed in all
mixtures containing CF.

Table 7. Mechanical properties of series II-SCC mixtures

SCC Mixtures (series II)
Ref.
0,05% WG
0.05% CF
0.10% CF
0.15% CF
0.20% CF

Mechanical properties
Compressive strength, fc (MPa) in
Splitting-tensile
function of curing age (days)
strength, fsp
(MPa) at 28 days
1
7
28
22.20.15
22.00.31
24.01.62
22.00.87
20.00.85
19.10.80

35.61.52
36.81.25
38.11.37
34.30.97
33.01.00
33.31.38

42,61.25
46,90.44
47,83.37
46,81.50
44,01.30
42,11.85

3.41 0.12
3.48 0.14
4.31 0.11
4.27 0.21
4.15 0.32
4.01 0.22

Flexural capacity,
ffl (MPa) at 28
days
6.900.42
7.530.15
8.490.55
7.800.10
7.620.15
7.310.37

3.2.2.3.2. Flexural capacity and splitting-tensile strength
The effect of CF on mechanical properties of concrete is more evident on the flexural
capacity (ffl) and the splitting-tensile strength (fsp) where the fibrillated morphology of CF is
more likely to reinforce the matrix at the micro/nano scale. While the measurements
of fsp and ffl shown in Table 7 indicate that overall all mixtures had higher capacity than the
reference (due to the stability imparted by the VMA effect thereby enhancing the homogeneity
in the hardened product), it should be noted that mixtures incorporating CF exhibited further
enhancement in both ffl and fsp. In flexural capacity for instance, the mixture with 0.05% WG had
an enhancement of 8% relative to the reference. In mixtures with CF (0.05, 0.10, 0.15, and
0.20%), this enhancement corresponds to 21, 12, 9, and 5%, respectively. Similar trend can be
observed for the fsp where mixtures containing WG or CF recorded higher strength compared to
the reference, with higher enhancement in fsp obtained at low CF concentrations. In fact, the
mixture with 0.05 WG showed comparable (2%) strength to that of the reference. For mixtures
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with CF (0.05, 0.10, 0.15, and 0.20%), however, the enhancement in fsp was, respectively, 26,
25, 22, and 18% relative to the reference mixture.
As such, whereas all tested CF dosage have a positive effect on both fsp and ffl, the highest gain
shows at lower CF dosages (between 0.05 and 0.10%) where CF dispersion and hence the
reinforcing effect are believed to be more prominent. The increased tensile and flexural
properties

in

mixtures

with

CF

may

stem

from

the

higher elastic

modulus of

the crystalline portion of nanostructured cellulose materials approaching 138 GP [56]. It can
also be attributed to the hydrophilic and hygroscopic CF serving as an internal curing agent. In
this regard, Hisseine et al. [10] showed that, with the incorporation of CF, the autogenous
shrinkage (at 7 days) of low water-to-binder ratio cement pastes was reduced by up to 36%.
Moreover, microstructure investigations and nanoindentation assessments indicated that CF
can increase the degree the hydration and result into a hydrated system with a C-S-H having
higher micromechanical properties (indentation modulus M and hardness N) [11]. Similarly,
Cao et al. [8] suggested that the use of cellulose nanocrystals improves the flexural capacity
owing to an improved degree of hydration and an increased stiffness of high density (C-S-H)
surrounding unhydrated cement particles. Likewise, interpretations by Flores et al. [49] indicate
that the incorporation of CNC could result in a larger volume fraction of high density C-S-H
and a smaller volume fraction of low-density C-S-H. Such effects on the microstructure can
have direct implications on macro-mechanical performance as observed in this experimental
campaign. The above results suggest that while conventionally used VMA can still improve
mechanical performance via enhancing mixture stability and homogeneity, the use of CF in this
perspective can have the further advantage of providing a nanoreinforcing system to the matrix.
Such a feature is not evident with commercially available VMA some of which are water
soluble.
On the other hand, while the mechanical performance reported herein is limited to test series IISCC having comparable flow properties, the effect of CF on increasing the mechanical
performance was also evident even in series I-mixtures (having similar HRWRA content) as
reported elsewhere [10]. In fact, in this test series where the HRWRA content was kept constant,
the plain mixture has obviously higher flowability compared to mixtures with CF. As a result,
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the amounts of rheologically-active water and HRWRA are higher in the reference mixture than
in counterpart mixtures. This leads to better deflocculation of cement flocks, thereby fostering
cement dispersion and increasing the degree of cement hydration in the plain mixture than in
mixtures with CF. Nonetheless, the effect of CF on enhancing the mechanical performance was
quite evident. Strength improvements of up to 16% (in compression), 34% (in splitting tension),
22% (in flexure), and 96% (in energy absorption) were obtained [10].
3.2.2.3.3. Microstructure analysis
Microstructure investigations conducted by FEG-SEM on cement pastes and SCC samples
revealed that CF adhere intimately into the structure of the cementitious matrix. Fig. 15 shows
a fresh fractured paste sample with 0.20% CF. The figure shows several CF well cemented into
the matrix, bridging hydrates, and interfering with the matrix porous network. Furthermore, Fig.
16 depicts a fresh fractured SCC mixture with 0.20% CF. The figure shows an aggregate
surrounded by a paste layer with the interfacial transition zone (ITZ) between the paste and the
aggregate being reinforced by several filaments. While the micromechanical properties of the
ITZ in the presence of CF are still to be evaluated to disclose the effect of CF on strengthening
this region most often perceived as the weakest link in the bulk cement matrix, the observed
presence of CF in the ITZ may favor increasing the micro-mechanical properties. This may also
substantiate the enhanced mechanical performance at the macroscale, particularly flexural
capacity and splitting-tensile strength discussed in the previous section.
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Fig. 15. Scanning Electron Microscopy (SEM) image of a cement paste with 0.20% CF. The
image illustrates a network of cellulose filaments (CF) reinforcing the matrix

Fig. 16. SEM image of an SCC mixture with 0.20% CF. The image shows a transition zone
(between cement paste and an aggregate) reinforced and with CF. Adapted from Hisseine et al.
[10].
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4. Summary and conclusions
This study was aimed at investigating the viability and limitations of using cellulose filaments
(CF)–a new type of nanocellulose materials–as a viscosity modifying admixture (VMA) for
self-consolidating concrete (SCC) applications. The properties of cement pastes and SCC
incorporating CF (at concentrations of 0.05, 0.10, 0.15, 0.20, and 0.30% per weight of binder)
were examined and compared to those obtained from plain systems and systems incorporating
a commercial VMA of Welan Gum (WG) type at a dosage of 0.05%. In cement pastes, the effect
of CF on heat of hydration was also evaluated. Overall, results indicate that the incorporation of
CF (even at low concentrations) slightly increases the heat of hydration, but significantly
influences fresh properties, rheology, and mechanical performance. Specific findings are as
follows:
•

Within the tested CF dosages, no adverse effects on hydration kinetics were noticed.
Rather, slightly higher heat release (up to ≈ 7%) can be obtained without
any retardation effects, in contrast to many commercially available VMA causing some
retardation.

•

CF have a significant viscosity modifying effect. The filaments improve mixture
stability by increasing the yield stress and the plastic viscosity of cement pastes and
SCC. However, the effect of CF on the yield stress appears to be higher than that on the
plastic viscosity. This is attributed to the shear thinning effect imparted by the
nanocellulose fibrils to CF mixtures. This feature allows CF systems to have high
apparent viscosity–at low shear rates–necessary for stability, but low apparent viscosity–
at high shear rates–necessary for improving pumpability.

•

Additional to the water retention capacity (which is an intrinsic feature of
the hydrophilic CF), results indicate that the long and flexible CF fibrils can form a
network which significantly increases mixture viscosity. A geometry-based percolation
model indicated that at a CF concentration corresponding to the percolation
threshold (0.12 wt.%), the rheological properties (yield stress and plastic viscosity) of
paste mixtures undergo abrupt increases. In SCC mixtures, at CF concentrations between
0.10 and 0.15% (the interval that includes the percolation threshold), the mixture demand
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in HRWRA recoded a noticeable increase. As a result, within the limits of CF dispersion
technique used in this study, a CF content below 0.12% is recommended to produce
stable SCC mixtures having a HRWRA demand comparable to that of a typical mixture
with a conventional VMA, but with higher mechanical performance.
•

While both WG and CF showed positive effects on mechanical performance due to the
enhanced homogeneity and stability, results indicated that mixtures with CF have further
improved the flexural capacity and tensile splitting strength of SCC by up to 21 and
26%, respectively. This is attributed to the fibrillated morphology and reinforcing ability
of CF (as also substantiated by the microstructural assessments). Such features are,
though, not evident with conventional VMA.

• The effectiveness of CF is more prominent at lower concentrations where CF dispersion
is more evident. This is associated with the high surface area leading to filament selfassembly and formation of CF networks at increasing CF content. While this feature
plays in important role in the VMA effect of CF, the higher mechanical performance
achieved at lower CF concentrations than at higher ones, as well as the substantial
increase in HRWRA demand when CF content exceeds the percolation threshold,
indicate that CF dispersion significantly influences composite performance. Therefore,
further research with better CF dispersion is recommended to allow achieving optimum
composite performance.
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CHAPTER 4 .

Effect of Cellulose Filaments on the Properties of
Hardening Concrete
4.1 Introduction
This chapter aims at valorizing cellulose filaments (CF) to enhance the properties of concrete
during the hardening phase. The chapter focusses on leveraging the hydrophilic and hygroscopic
feature of CF (implying respectively high water-retention and release capacities) as well as its
nanoscale fibrillated morphology associated with the intrinsic high on-axis strength and stiffness
to mitigate autogenous shrinkage in ultra-high-performance concrete (UHPC). The formulation
of UHPC with a water-to-binder ration of 0.25 was adjusted to accommodate CF at rates of 00.30% per cement mass. The effect of CF (at rates of 0-0.30%) and that of silica fume content
(15-25%) on autogenous shrinkage behavior was evaluated with high precision vibrating-wire
gauges from the onset of casting until 91 days. UHPC mixtures with reduced autogenous
shrinkage (while maintaining adequate mechanical capacity) were obtained using CF.
Therefore, the current chapter contributes into valorising CF as a tool for controlling volumetric
instabilities in UHPC through a coupled effect of internal curing (transposed by the
hydrophilicity and hygroscopicity of CF) and matrix nanoreinforcing (transposed by the
inherent reinforcing effect of nanocellulose). Details on these findings are reported as par of
Article 2 of this study (section 4.2 below)

.
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4.2 Article 2-Controlling autogenous shrinkage of ultrahigh-performance concrete (UHPC) with cellulose
filaments (CF): A novel application of nanocellulose
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Controlling autogenous shrinkage of ultra-high-performance
concrete with cellulose filaments: A novel application of
nanocellulose

Ousmane A. Hisseine1; Nancy A. Soliman2; Balázs Tolnai3 and Arezki Tagnit-Hamou4
Under review by Cement and Concrete Research

Abstract
Nanoengineering of concrete properties with nanocellulose materials has the potential to unveil
remarkable opportunities for enhancing concrete performance. This study introduces the use of
nanoscale cellulose filaments (CF) as a novel tool for engineering ultra–high performance
concrete (UHPC) with attenuated autogenous shrinkage. A UHPC mix was tailored to
accommodate the incorporation of CF at 0.3 wt. %. The effects of incorporating CF and that of
varying silica fume (SF) content (15 and 25%) were assessed. CF was more beneficial in
reducing autogenous shrinkage at early-age. A reduction in autogenous shrinkage of up to 45%
was obtained during the first 24 hours before stabilizing at 35% at 7 days. On the other hand,
adjusting SF content from 25 to 15% had negligible effect on autogenous shrinkage at early-age
(0–4% reduction at 1 day) but higher effect at later-age (28% reduction at 7 days). However,
this option led to reduced mechanical performance (32% lower flexural capacity). The
hydrophilic and hygroscopic CF fibrils reduce autogenous shrinkage through a hybrid effect of
internal curing and matrix bridging. Thus, CF allows designing UHPC with reduced autogenous
shrinkage while maintaining satisfactory mechanical performance.
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1. Introduction
Improving concrete eco-efficiency is contingent to a challenging quest for more ecological (yet
robust) materials in order to meet the stringent sustainability and resiliency requirements for
modern infrastructure systems. In this respect, nano-modification of concrete has recently
emerged as a major advancement in concrete technology allowing designing concretes with
improved performance [1]. This is primarily ascribable to the radically different material
properties exhibited at the nanoscale [2]. As such, nanocellulose materials (NCM)–with their
remarkable properties such as the hydrophilicity, high surface reactivity, increased elastic
modulus [3], and high strength to weight ratio [4] have the potential to revolutionize the
performance of cement composites. This can also be accompanied by an improved ecoefficiency of concrete products for the fact that NCM stem from the most bounteous and
renewable materials on the planet [5].
Typical NCM include cellulose nanocrystals (CNC); nanofibrillated cellulose (NFC); bacterial
cellulose (BC); and cellulose filaments (CF). The latter remains relatively the most recent
cement additive with promising application in concrete technology [6-8]. CF was found to
increase the flexural capacity and toughness of cement systems via internal curing and
nanoreinforcing effects [6]. CF was also found to increase the degree of hydration and alter the
mechanical properties of matrix microstructure phases, namely calcium-silicate hydrate (C-SH) and calcium hydroxide (CH), thereby enhancing the mechanical performance [7].
Considering the hydrophilic and hygroscopic features of CF (implying high water retention and
release capacities) and in light of the effect of filaments on fostering the degree of hydration and
on enhancing the phase-micromechanical properties of cement systems, it may be legitimate to
believe that CF has a promising potential to alter the volumetric instabilities of concrete.
Volumetric instabilities shape a concern in versatile types of concretes including mass concrete;
self-consolidating concrete (SCC); and low water-to-binder ratio (w/b) concretes (e.g.
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engineered cementitious composites (ECC), high-performance concrete (HPC), and ultra-highperformance concrete (UHPC)). Primarily, concrete type, its w/b, and curing conditions define
the most dominant volumetric instability (e.g., plastic shrinkage, drying shrinkage, autogenous
shrinkage, and others). With the increasing recent interest towards low-w/b-cement composites,
the autogenous shrinkage is broadly viewed as a prevailing form of volumetric instability
jeopardizing structural health and durability of structures built with low w/b concretes [9].
Autogenous shrinkage represents the macroscopic volumetric changes (other than those due to
temperature gradient, loss or ingress of substances, the application of external forces or restrain)
as cement hydrates [10]. The volumetric changes occurring in cement systems as the hydration
proceeds (chemical shrinkage) create fine pores due to the restrain created by the structuring of
the hydrated cement system, or the aggregate skeleton, or the reinforcing steel. In the absence
of external water supply, the pores drain water from coarser capillary networks where menisci
are developed, in a process that does not involve mass loss (called self-desiccation). The
developed menisci, however, create tensile stresses which can exceed the tensile capacity of the
yet young concrete. As the generated tensile stresses are balanced by compressive forces
developed on the pore walls, volumetric changes are developed in a phenomenon called
autogenous shrinkage [11]. While the contribution of autogenous shrinkage to the total longterm deformations in high-w/b-concretes can be as low as 5-10% [12], it can reach up to 50%
in low-w/b-concretes [13]. Under restrained conditions, autogenous shrinkage can be
significantly deleterious and may jeopardize mechanical performance and durability [14].
As a typical concrete application susceptible to volumetric instability, UHPC has a matrix
intrinsically prone to autogenous shrinkage. UHPC is a mortar-based, very high-strength, and
high-durability material designed with high packing density, low w/b, high content of cement,
and high dosage of high-range water reducing admixtures (HRWRA) [15,16]. While these
characteristics endow UHPC with very high strength properties associated with its optimallypacked and water-starved microstructure, these features, however, render UHPC vulnerable to
early-age deformations particularly autogenous shrinkage. The higher packing density, for
instance, refines matrix pores and increases capillary pressure [17, 18]. The high cement content,
on the other hand, mobilizes chemical shrinkage, the driver of self-desiccation which leads to
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autogenous shrinkage [11]. The high content in pozzolans, particularly silica fume (SF), further
refines the pore structure, increases the capillary pressure, and exacerbates matrix instability as
large Portlandite (CH) crystals are converted to relatively less volumetric calcium-silicatehydrate (C-S-H) gels [14,18,19]. In the absence of coarse aggregates and with the reduction of
maximum particle size to around 200-600 µm, fresh UHPC mixtures exhibit an intrinsic reduced
stiffness which further increases volumetric instability [20]. Volumetric instabilities in UHPC
are particularly of phenomenal importance at early ages when the still-hardening young concrete
hasn’t yet developed sufficient strength. Consequently, shrinkage-induced cracks may be
deleterious to strength and durability of UHPC [18, 19, 21]. Autogenous deformations poppedup at the top of issues pertaining to the implementation of UHPC when this class of concrete
started to make its way from the precast industry to in-situ casting or when conventional curing
(rather than hot/steam curing) regimes were adopted instead.
Several noteworthy efforts have been invested towards mitigating autogenous shrinkage in
UHPC. This includes replacing cement and SF with different supplementary cementitious
materials (SCM) [22-27], incorporating coarse aggregates [28], using saturated light weight
aggregates (LWA) [29], introducing shrinkage reducing admixtures (SRA) [9,30], using superabsorbent polymers (SAP) [9], incorporating expansive agents (EAs) [30], improving curing
conditions [31-33], and incorporating nanofibers such as carbon nanofibers (CNF) and carbon
nanotubes (CNT) [34].
Despite all efforts made so far in this direction, autogenous shrinkage, however, remains a major
concern. This is partially associated with the fact that some current shrinkage-mitigation
techniques have adverse effects on mechanical properties, thereby increasing the production
cost of UHPC [35, 36]. For instance, whereas the net effect of SAP on concrete strength depends
on the w/b, matrix maturity, and SAP dosage [37], it is reported that high dosages of SAP lowers
the hardened properties of concrete due to the apparition of supplementary voids in the skeleton
of the hardened system [38]. On the other hand, while the inclusion of SRAs and EAs can
effectively mitigate autogenous shrinkage, it was reported that these additives increase the air
content, significantly reduce mixture fluidity, and adversely affect the mechanical performance
when used at relatively high dosages [39]. On the other hand, major challenges encountered in
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the use of carbon-based nanofibers, particularly CNF and CNT, include the difficulty of
ensuring an effective dispersion of those hydrophobic materials in the hydrophilic cementitious
matrix [40]; and the health risks associated with their handling (high toxicity coupled with high
risk of inhalation) [41- 43].
Owing to the hydrophilic and hygroscopic nature of CF (allowing high water retention and
release) coupled with the fibrillated morphology of CF (allowing for nanoreinforcing effect), it
is hypothesized herein that CF can serve as an internal curing agent to reduce autogenous
shrinkage in UHPC. When using CF as a shrinkage reducer, it appears that the most interesting
feature of CF (not exhibited by conventionally used shrinkage reduction techniques) is that
additional to controlling autogenous shrinkage via internal curing, the filaments have the further
advantage of potential crack resistance through their fibrillated morphology. The hybrid effect
of internal curing and matrix bridging that CF may exhibit can be juxtaposed to that obtained
by blending SRA and synthetic fibers in the same matrix such that the former reduces shrinkage
deformations, while the latter provides crack resistance [46]. Moreover, the fact that CF are
extracted from the most abundant natural resources, and present very low health and
environmental risks associated with their production [5,44,45], may shape substantiate CF
potential as an effective shrinkage reducing agent. To this end, the current study is aimed at
producing an UHPC mixture with reduced autogenous deformations using CF as a novel
shrinkage reducing admixture, while enhancing both performance and ecoefficiency dimensions
of UHPC.
To achieve project objective, a sustainable ultra-high-performance glass concrete (UHPGC)
recently developed at the University of Sherbrooke using recycled glass [24] was considered.
The formulation of the UHPC was tailored to accommodate the inclusion of CF at 0.3% by
weight, while the content of SF (principal source of autogenous shrinkage) was adjusted from
25 to 15%. The performance of the UHPC was assessed in terms of fresh properties, autogenous
shrinkage, and mechanical performance to answer a fundamental question: What are the
separate and joint effects of incorporating CF or reducing the SF content (from 25 to 15%) on
the development of autogenous shrinkage and mechanical properties? Research outcomes are
expected to contribute towards the implementation of UHPC for in-situ applications while
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providing a twofold-sustainable alternative: Bio-sourced, nanostructured CF for mitigating
autogenous shrinkage of a recycled glass-based sustainable UHPC.

2 Experimental Program
2.1 Materials properties
2.1.1 Cellulose filaments
The cellulose filaments (CF) used in this study were received from Kruger Biomaterials Inc.
(Trois-Rivière, QC). CF consist of mechanically processed cellulose fibrils with nanometric
diameter (30–400 nm) but micrometric length (100–2,000 µm) which results into their
significantly high aspect ratio (100–1,000) and very high surface area (more than 80 m2/g). The
filaments have a specific gravity (SG) of 1.5 and were received in a colloidal form (water
suspension with 1.2% CF solid content). In their dispersed from, the filaments have a water
absorption capacity of 220% of their mass. According to the supplier, the filaments were derived
from FSC®-certified Kraft wood pulp using only virgin fibers to ensure optimum performance
and consistent properties. Additional to the intrinsic sustainability features of CF, the extraction
process of this material follows a green approach with a yield value of 100%. In fact, as per the
supplier, the filaments were extracted through a patented process that uses only mechanical
energy and does not involve any chemical or enzymatic treatment, nor does it produce effluent.
In addition, the production facility is almost entirely powered by renewable energy; thereby
minimizing the carbon footprint of CF. CF represent an intrinsic part of the hierarchical structure
of cellulose (Fig. 1), which imparts inherent strength to plant–based materials. The extraction
process of CF involves removal of matrix impurities such as lignin, pectin, wax, and soluble
sugars. As such, CF (Fig. 2) contains mainly cellulose (>95%) and a small amount of
hemicellulose (<5%). This is consistent with the two types of saccharides (glucose and xylose)
detected by liquid chromatography tests conducted on CF, where typically the former is found
in cellulose while the latter is found in hemicellulose. As CF is used in this study to control
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autogenous shrinkage, details about CF-water interaction in terms of water retention and release
capacity are detailed later in section 2.4.1.

Fig. 1. Schematic of hierarchical structure of cellulose filaments (CF).

Fig. 2. Cellulose filaments (CF): (a) aqueous suspension at 0.3%CF; (b) scanning electron
microscope (SEM) image of a dried aqueous suspension illustrating the fibrillated
morphology of CF.
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2.1.2 UHPC basic constituents
To formulate UHPC mix, an informed selection of mixture constituents is necessary for
optimizing the performance of the end product. The flowability, for instance, is strongly
influenced by increasing cement fineness and by cement content in C3A and C3S [16]. This is
more pronounced in UHPC as cement particles are closely packed due to the very low w/b.
Considering the effect of the hydrophilic CF on mixture fluidity; it appears that enhancing the
rheology of UHPC dictates the selection of cement with the lowest C3A and C3S contents. As
such, a high-sulfate-resistance cement (type HS) with low C3A content, was selected. The
cement has an SG of 3.21, Blaine fineness of 370 m2/kg, and mean particle diameter (d50) of
11 µm. Silica fume (SF) fulfilling the requirements of CAN/CSA A3000 specifications and
having a SG of 2.20, Blaine surface area of 20,000 m2/kg, and d50 of 0.15 µm was employed.
Quartz sand (QS) with a SG of 2.70, maximum particle size (dmax) of 600 µm, and mean particle
size (d50) of 250 µm was also used. Additionally, a high-alkali-glass powder (GH) with a SG of
2.6 and d50 of 12 µm was also used. Table 1 shows the chemical composition of the materials
used in this study. Fig.3 provides the PSD of the cement, GH, SF, and QS [24]. A
polycarboxylate (PCE)-based HRWRA with a SG of 1.09 and solid content of 40% was used.

Fig. 3. Particle-size distribution of granular materials used in this study
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Table 1. Chemical compositions of powders and granular materials used in the study.
Identification
Silicon dioxide (SiO2)
Iron oxide (Fe2O3)
Aluminum oxide (Al2O3)
Calcium oxide (CaO)
Titanium dioxide (TiO2)
Sulfur trioxide (SO3),
Magnesium oxide (MgO)
Sodium oxide (Na2O)
Potassium oxide (K2O)
Equivalent alkali (Na2Oeq)
Zinc oxide (ZnO)
Loss on ignition (LOI)
C3S
C2S
C3A
C4AF

Quartz Sand
99.8
0.04
0.14
0.17
0.02
––
0.008
––
0.05
––
––
0.2
––
––
––
––

Glass Powder
73.00
0.40
1.50
11.30
0.04
––
1.20
13.00
0.50
––
––
0.60
––
––
––
––

Type HS Cement
22
4.3
3.5
65.6
0.2
2.3
1.9
0.07
0.8
0.9
0.09
1.0
50
25
2.0
14

Silica Fume
99.8
0.09
0.11
0.4
––
––
0.20
0.20
0.50
––
0.25
3.50
––
––
––
––

2.2 Mixture proportions
The tested UHPC mixture was designed by optimizing the particle-size distribution and packing
density, as detailed elsewhere [24, 47]. The mix design was tailored by incorporating CF and
varying the SF content across four mixtures (0nCF/15SF, 0.3CF/15SF25, 0CF/SF25, and
0.3CF0.3/SF25) as depicted in Table 2 in order to examine the impact of these formulations on
autogenous shrinkage behavior as well as on fresh and hardened properties. All mixtures had a
constant QS, and SF/GH to cement weight ratio and were designed with a w/b of 0.25, and a
solid HRWRA content of 1.25% of cement weight. Each mixture label is a combination of two
parts, representing the content in CF and SF, respectively. For example, the mixture
0.3CF/15SF15 contains 0.3% CF and 15% SF.
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Table 2. Ultra-high-performance concrete (UHPC) mixture proportions (CF for cellulose filaments
and, SF for silica fume. Numbers preceding CF/SF indicate content in % weight).
Mixture Composition (kg/m3)
Type HS cement
Silica fume (SF)
Water
Water-to-binder ratio (w/b)
Quartz sand
Glass powder
HRWRA (solid extract)
Cellulose filaments, CF
extract)

(solid

0CF/15SF
601
120
230
0.25
962
440
11
––

UHPC mixtures
0CF/25SF 0.3CF/15SF
569
600
190
120
237
230
0.25
0.25
911
960
417
440
10
11
––

2.4

0.3CF/25SF
568
189
237
0.25
909
417
10
2.3

2.3 Specimen Preparation
Concrete batching was carried out using a pan mixer of type Mortartman 360 (Imer, CA, USA).
In an attempt to enhance mixture homogeneity and avoid particle agglomeration, all powder
materials were dry–mixed for 10 min prior to adding water and HRWRA. A water HRWRA
suspension was prepared by diluting the required HRWRA into the mixing water.
Approximately half of that suspension was gradually added to the batch over 5–7 min of mixing.
The rest of the water HRWRA suspension was gradually added over an additional 5–7 min of
mixing. For mixtures containing CF, the as–received colloidal CF was added to the water–
HRWRA suspension while taking in consideration the adjustment of the net water demand
determined after subtracting the amount of water brought by the CF water suspension (1.2%
solid CF content).
After mixing, concrete was cast for the different tests. Specimens for mechanical properties
were covered with plastic sheets and kept in a room with a relative humidity and temperature of
approximately 50% and 23 oC, respectively, for 24±1 h then demoulded and transferred for
storage in a fog room at 100% RH and 22 oC temperature until the age of testing. UHPC
specimens for autogenous shrinkage were cast directly inside a controlled room (50% RH and
22 oC). The moulds containing the pastes were hermetically sealed with adhesive plastic wraps
immediately after casting and remained so until demolded 24±0.5 h later. Immediately after
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demolding (within 2±1/2 min), the specimens were sealed with an adhesive aluminum foil and
kept in a controlled environment (50% RH and 22 oC) for 91+ days. The different test methods
adopted to execute the experimental program are elaborated in the following sections.

2.4 Test Methods
2.4.1 Tests on the CF–water interaction
As CF are employed in this study to attenuate autogenous shrinkage (partially through an
internal curing effect), the assessment of CF’s water retention capacity (WRC) and water release
rate (WRR) was deemed necessary. The WRC of CF was determined following the approach
detailed in a previous work in the same project [6] where CF was found to have a WRC of 125%
of their mass when the WRC was assessed on semi–dispersed CF (34% solid content). For fully
dispersed CF, the WRC was as high as 220% due to the increased surface area exposed to
interaction with water molecules. To assess the WRR, the following methodology was adopted:
A 30 g sample of semi–dispersed CF (34% solid content) was kept in an oven at 60 oC until its
mass loss stabilized at final mass of 10.2 g of dry CF. Several CF suspensions were prepared by
mixing 0.1 g of dry CF (referred herein as M0) with 1.9 g of distilled water then the samples
were hermetically sealed and kept at 22 oC and 50% RH for 72 hours to allow full saturation.
Samples were then subjected to centrifugation at 3000 rpm for 25 min using 2 ml centrifugal
filters of 100,000 molecular weight cut-off (MWCU) to drain out water. The resulting CF was
accurately weighted for its wetted mass (M1). The samples were thereafter stored in humiditycontrolled room where the temperature was kept constant at 25 ± 1 oC while the RH was varied
as follows: 20, 50, 70, and 90%. This was an attempt to better capture the WRR of CF,
particularly at high RH levels in an attempt to simulate the RH encountered in hydrating UHPC.
Loukili et al. [19] reported that RH in HUPC reaches 73% in 8 days then slows down to 68% in
90 days. CF Samples exposed to each RH level for a series of exposure durations (from 0.17 h
up to 14 days) were accurately weighed for their mass (M2) after moisture loss, and the WRR
was calculated as follows:
M −M

WRR = (M1−M2 ) × 100%
1

o

(1)
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2.4.2 Fresh properties
UHPC fresh properties were measured right after mixing. This includes the unit weight, the air
content (ASTM C 185), and the slump–flow [flow–table test (ASTM C 1437)]. For the latter,
when a mixture’s slump flow diameter is below 250 mm, the flow diameter is also measured
after subjecting the sample to 25 blows on the flow–table. This was more applicable in mixtures
incorporating CF where the initial slump was relatively low prior to applying the blows, but
significantly high after applying the blows.

2.4.3 Autogenous shrinkage
Specimens for autogenous shrinkage test were cast soon after casting. The different UHPC
mixtures were cast in 80×80×350 mm prismatic molds instrumented with an embedded
vibrating–wire strain gauges of type EM–5 (Roctest Ltd., Saint-Lambert, QC, Canada) with 144
Ω resistance and a strain range of 3000 μɛ (Fig.4). This instrumentation allows continuous
measurement of deformations. Additional to measuring deformations resulting from autogenous
shrinkage, the gauge is also equipped with a thermocouple to record temperature evolutions in
the paste throughout the testing period so that temperature–borne deformations can be
subtracted from the total deformation. To ensure full embedment of the gauge within the matrix,
the gauge was set centered in the mold (in all directions) using attachment wires so as to allow
it a free rotation and axial translation (necessary to respond to the matrix linear deformations).
The fresh UHPC mixtures were placed in the mold in two layers and were consolidated
following the procedures detailed in ASTM C157-14. Data were continuously recorded via an
acquisition system at 30-240 min frequency so that the early–age behavior can be captured. To
measure only effective autogenous deformations (beyond the liquid phase), the zero-time (TZ)
for measuring autogenous deformations was determined following the method proposed by
Meddah and Tagnit-Hamou [48]. The method consists of using the rate of deformation [the first
derivative of deformation with respect to time (∂ε/∂t)] as a tool for identifying the TZ. The latter
is defined as the peak of the maximum rate of deformation which is considered as an indicator
of a phenomenal change in the microstructure of the hydrating system and the onset of the
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hardening phase or the solidification threshold [48]. Additionally, the rate of temperature
evolution over time or thermal flux (∂T/∂t) was also determined and correlated with the rate of
thermal deformation. This correlation provides an additional indicator of the time corresponding
to the solidification threshold, because at the onset of solidification, a sudden drop in electrical
conductivity occurs due to the formation of hydrates and the consequent disconnection in the
interstitial solution [49]. As the rate of dissolution decreases substantially at the onset of
solidification, the latter is quite at the vicinity of the maximum flux [48].
A further point worth elucidating is the determination of autogenous deformations from total
deformations recorded by the vibrating wire-gauge. This was performed by subtracting thermal
deformations from total deformation considering the manufacturer-provided thermal expansion
coefficient (TEC) of the vibrating wire gauge [11(10)-6] and that of UHPC. For UHPC, during
the first few hours (3-24 h) as the matrix is still plastic (hence highly sensitive to thermal
variations), the dynamic model proposed by Holt [50] for determining TEC (TEC= 193.9 x t-0.86
where 3 ≤ t (hr) ≤24 was used. Beyond 24 hr, once the matrix has solidified, a TEC of 12 (10) 6

proposed by RILEM [51] was used. Considering that test samples were kept hermetically

sealed throughout the experiment, and that in low w/c ratio systems autogenous shrinkage
contributes predominantly to the total shrinkage [52], drying shrinkage was not considered.

Fig. 4. Schematic diagram of test set-up for autogenous shrinkage (all dimensions in mm).
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2.4.4 Mechanical properties
The tested mechanical properties included the compressive strength (fc) and the flexural capacity
(ffl). The fc was assessed on 50×50×50 mm cubes at 1, 7, 28, 56, and 91 days according to ASTM
C109-16 guidelines. The ffl [ASTM C78-16] was evaluated on 100×100×400 mm prisms at 28
and 91 days. Flexural tests were performed under four–point bending configuration in a
displacement-controlled mode using a displacement rate of 0.0008 mm/s.

3 Results analysis and discussions
Test results and discussions are presented in the following sequence: Results of tests on waterCF interaction were first discussed since the water-absorption/desorption of the hydrophilic CF
plays an important role on both fresh and hardened properties of CF-cement systems. The effect
of CF on altering the fresh properties of tested UHPC mixtures were then addressed and the
implications of the hydrophilic CF on fresh properties were discussed. Later, the effect of
incorporating CF or adjusting SF content on autogenous shrinkage was discussed. The
discussion of mechanical properties was kept at the end to unveil possible repercussions on this
parameter from mixture behavior at fresh state and matrix volumetric stability at early ages.

3.1 Results of tests on water–CF interaction
Previous tests on WRC of CF showed that it exceeds 100% by 6 h of saturation and stabilizes
at 125% when semi-dispersed CF was saturated in distilled water for 72 hours. For fully
dispersed CF, the WRC reached 220% owing to the higher exposed surface area implicated in
the desorption process. The difference between the two absorption rates is attributable to the
entanglements in the former case (semi-dispersed), which leads to reducing the effective surface
area involved in water desorption. Samples obtained from WRC tests at 72 h of saturation
followed by centrifugation at 3000 rpm for 25 min and exposure to a controlled medium released
their absorbed water according to the trend shown in Fig. 5. The figure indicates that irrespective
of the RH, fully saturated CF can release all imbibed water. The WRR is, however, fast at low
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RH but very slow at high RH as expected. At 20% RH, for instance, CF released all the retained
water within 6 hours. In contrast, for RH levels of 50, 70, and 90%, the plateauing of the WRR
slowed down to 1, 7, and 14 days, respectively. The observed slow WRR at higher RH levels
can be viewed advantageous since CF releases its water over an extended period as cement
hydrates and self-desiccation takes place. On the other hand, slower WRR at high RH levels
would also prevent CF from releasing water to the batch water during the mixing process or
soon afterwards. While the RH has been used in this study as a driving force to stimulate the
water desorption capacity of CF, it should be noted that the water diffusion in hydrating cement
systems is influenced by several other factors such as the capillary pressure, the average pore
size, the pore solution surface tension [53] which have not been taken into consideration in this
study for simplicity.

Fig. 5. Water release rate of cellulose filaments (CF) in function of duration of exposure to
different relative humidity (RH) levels
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3.2 Fresh properties
3.2.1 Effect of cellulose filaments (CF) on fresh properties
The fresh properties of tested UHPC mixtures are presented in Table 3. Results indicate that,
relative to the mixtures with no CF, those incorporating CF had slightly higher air content. This
effect is observable at both SF contents of 15 and 25% and can be ascribed to the increased
surface area of CF which could lead to slight air entrapment. The effect of CF on air entrapment
may also be influenced by the interaction between CF and the PCE-HRWRA used herein which
has not been attempted in this study. Further investigation is necessary to clarify this point. As
for the slump-flow, measurements reveal a decreasing trend with the addition of CF. When SF
content was maintained at 15%, the slump-flow decreased from 305 mm in the mixture without
CF to 170 mm in the mixture with 0.3% CF. Similarly, when SF content was increased to 25%,
the incorporation of CF decreased the slump-flow from 295 mm to 160 mm. The drop in slumpflow in mixtures with CF is associated with the hydrophilic and fibrillar aspects of CF. The
former leads to peripherally fixing water molecules or imbibing part of the mixing water,
thereby reducing the slump-flow [6]. The latter, however, when coupled with the flexibility and
high aspect ratio of CF, promotes the formation of filament networks, thereby increasing the
viscosity buildup [7]. Nonetheless, it should be highlighted that while the incorporation of CF
reduced the slump-flow, test observations indicate that UHPC mixtures with CF exhibit reduced
viscosity when agitated. This confirms the shear thinning behavior identified in previous tests
conducted on CF- SCC [6].

Table 3. Fresh properties of tested ultra-high-performance concrete (UHPC) mixtures.
Mixtures
0CF/15SF

0.3CF/15SF

0CF/25SF

0.3CF/25SF

Air content (%)

3.98

4.9

3.4

4.0

Slump flow (mm)

305

170

295

160

Fresh unit weight (kg/m3)

2271

2246

2252

2238
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3.2.2 Effect of silica fume (SF) on fresh properties
Table 3 indicates that reducing SF content from 25% in the mixture 0CF/25SF to 15% in the
mixture 0CF/15SF had slightly increased the slump-flow (from 295 to 305 mm). This slight
improvement is attributable to the reduction in total surface area of SF particles (for their
extreme fineness). Consequently, the water demand required to lubricate the surface of SF
particles decreased. Hence, the slump-flow for the same w/b increased slightly. Another
explanation for the slight workability enhancement with decreasing SF content is that SF
particles require more HRWRA to be dispersed and reach a certain slump-flow. According to
the interpretations of [54], charged species in cement pore solution of UHPC are not only from
cement grains, but also from SF particles which possess positive surface charges. Thus, SF
particles compete with cement grains for adsorption of PCE molecules onto their surface. In this
regard, while the tested UHPC has lower SF content than cement, the surface area of SF exceeds
that of cement. Hence, a PCE molecule dissolved in UHPC pore solution would predominantly
recognize SF surface for adsorption. This suggests that an effective dispersion of SF, and not
forcedly that of cement alone, would be necessary to achieve flowable UHPC mixture. As a
result, when SF content is decreased, the PCE dosage necessary to disperse the particles
decreased due to the decrease in the net particle surface area. This would lead to higher slumpflow at the same PCE dosage.
However, with the significantly high surface area of SF, the adjustment of SF content from 25
to 15% is rather expected to lead to substantial drop in water demand and consequently to more
significant increase in flowability than the recorded 10 mm difference. However, some
competing actions may have led to the observed results. Possible reasons include the relatively
lower cement content but higher packing density in mixtures with 25% SF than in mixtures with
15% SF. Cement content in mixture with 25% SF as compared to that of UHPC with 15%
correspond to 601 versus 569 kg/m3, respectively, in mixtures with no CF and 600 versus 568
kg/m3 in mixtures with CF. The relatively lower cement content in mixtures with 25% SF can
contribute to slightly reducing the water demand, thereby interfering with higher water demand
resulting from higher SF content. From packing density perspectives, the increased packing
density (0.79) in mixtures with 25% SF as compared to 0.75 in mixtures with 15% SF can reduce
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the matrix voids, thereby allowing for the availability of more rheologically- active water to
coat the particles’ surface [55]. Nonetheless, further studies are required to cover these points.

3.3 Autogenous shrinkage
This section presents results of autogenous shrinkage of all tested UHPC mixtures. To facilitate
the discussion of autogenous shrinkage measurements, three distinct ages have been identified,
namely, very-early-age (0 – 12 h), early age (12 h – 7 days), and later-age (7-91 days). The veryearly-age corresponds to the plastic phase where autogenous deformations are relatively less
effective. The early-age contains the transition phase and expands to the hardened phase, while
the later-age corresponds to long-term deformations. Section 3.3.1 addresses the evolution of
autogenous shrinkage at the very-early-age where as-recorded autogenous deformations are
presented. As-recorded deformations are later calibrated at the time-zero (for measurement of
autogenous shrinkage) as addressed in section 3.3.2. Section 3.3.3 is devoted to the evolution of
autogenous deformations (beyond the time-zero) which correspond to what we refer to as earlyage deformations, while section 3.3.4 addresses long-term deformations.

Fig. 6. Evolution of very-early-age (0-12 hours) autogenous deformations in the different
ultra-high-performance concrete (UHPC) mixtures.
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3.3.1 Effect of CF and SF on very-early-age autogenous shrinkage
Fig. 6 presents the evolution of very-early-age autogenous deformations for all tested UHPC
mixtures. To capture well the profile of volumetric instability at very-early-age (0 – 12 h) and
early-age (12 h – 7 days), as-recorded deformations have been used to plot the curves shown in
Fig.6. As-recorded data reflect negligible deformations during the first 5 h after which a distinct
behavioral difference in very-early-age deformations in the absence or presence of CF was
observed. The two mixtures without CF but having varying SF content (0CF/25SF and
0CF/15SF) recorded quite steep deformations which reached up to 100 µɛ at 12 h. Moreover,
the deformations recorded during this time interval were quite comparable for both mixtures
despite the substantial variation in SF content (15-25%).
In contrast, very-early-age deformations in mixtures containing CF (0.3CF/25SF and
0.3CF/15SF) were the least. This corresponds to deformations from ~ 0 µɛ to even a sort of
expansion (as compared to 100 µɛ in the mixtures without CF). This is equivalent to a percentage
reduction of ≈ 100% during the first 12 h. Furthermore, autogenous deformations recorded in
these two mixtures with similar CF dosage (0.3%) but very different SF contents (15 and 25%)
were also very comparable during this time interval. Beyond the very-early-age period,
however, drastic changes in autogenous deformations were observed at approximately 20 h in
mixtures without CF and 15.5 h in mixtures with CF.
The above results suggest that the incorporation of CF has influenced the evolution of
autogenous shrinkage at very-early-age. Major effect of CF sprouts from the matrix expansions
not evident in counterpart mixtures. One possible reason for very-early-age expansion exhibited
in mixtures with CF can be the volume refill associated with CF water release (Fig. 4)
replenishing the emptying cement pores as hydration proceeds. These volumetric expansions
may be juxtaposed to those observed in super-absorbent polymers (SAP) [32,37] such that the
gradual release of imbibed water (Fig. 4) as cement hydrates [56] leads to relatively widening
capillary pores, thereby enlarging menisci curvature [57] and attenuating the capillary surface
tension, in consequence. This would eventually lead to volumetric expansions [32] as observed
herein. The above expansions observed pronouncedly in mixtures with CF are advantageous as
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they have been reflected by far less very-early-age deformations. While autogenous
deformations during the plastic phase are considered less effective and are often discarded, the
corresponding expansions can be advantageous in reducing the net early-age deformations and
log-term deformations to be detailed in subsequent sections. These findings are substantiated by
mainstream investigations on shrinkage mitigating strategies via internal curing such as with
LWA or SAP [32, 57-61].
On the other hand, while the incorporation of CF has significantly influenced the very-early-age
autogenous behavior, results do not support a noticeable effect of tested SF contents (15% and
25%) on very-early-age autogenous deformations. This is evidenced by the quite comparable
deformations recorded in mixtures with 15 and 25% SF in the presence and absence of CF, alike.
Consequently, this may suggest that the adjustment of SF content (at least within the tested
quantities) is not efficient in controlling autogenous shrinkage of UHPC at very-early-ages. The
above observation can be linked to the two effects through which SF influences autogenous
shrinkage: A physical effect (alteration of packing density by filler action), and a chemical effect
(dissolution at early-age and pozzolanic activity thereafter) [62]. Higher SF content increases
packing density, leads to narrower pores and higher capillary pressures [63] which results in
higher autogenous shrinkage [64]. Such effect is, however, not evident at very-early-age when
both chemical shrinkage and the subsequent self-desiccations are still to take place as cement
hydration proceeds. On the hand, while the dissolution of SF may contribute partially to
chemical shrinkage, the pozzolanic activity has to wait until some calcium hydroxide (CH)
crystals are produced from the mainstream cement hydration [65]. This may explain why
divergence between autogenous deformations in mixtures with 15 and 25% SF in the presence
or absence of CF were only observed beyond the very-early-age period.
3.3.2 Determination of the zero-time for measuring autogenous shrinkage
Following the approach proposed by [48] detailed earlier in this manuscript (section 2.4.3), the
starting point for measuring autogenous shrinkage in all tested UHPC mixtures was precisely
determined. For brevity, two examples (among the four mixtures) are depicted in Figs. 7 and 8
presenting the evolution of the rate of deformation and the thermal flux during the first 48 h in
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the mixtures 0CF/25SF and 0.3CF/25SF, respectively. As illustrated in Fig. 7, the rate of
deformations in the tested mixture were nil in the first 5 h then followed by a steeply increasing
trend (up to 80 µɛ/h) between 5 and 18 h before reaching the highest peak at 20 h. Thereafter,
the rate of deformation dropped back to the horizontal axis then stabilized. This trend is
nontrivial since the thermal flux itself in the same mixture was quite stable during the first 5h
when no deformations were observed, then exhibited drastic jump until it recorded the highest
peak at a time corresponding to the that of the maximum rate of deformation (~20 h) before
restabilising at zero thereafter.

Fig. 7. Determination of solidification threshold from the rate of deformation and thermal flux:
mixture 0CF/25SF.

Fig. 8. Determination of solidification threshold from the rate of deformation and thermal flux:
mixture 0.3CF/25SF.
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The above observations were further supported by the results depicted in Fig.8 for the mixture
0.3CF/25SF. In this mixture, CF was found to flatten the very-early-age deformations until 8.5
h, followed by a sort of expansion between 8 and 13 h. Thereafter, the rate of deformations
exhibited the highest peak of 61 µɛ/h at 15.5 h, which is roughly the same time (±0.5h)
corresponding to the maximum thermal flux. Beyond this time, both the rate of deformation and
the thermal flux stabilized at ~ 0. The coincidence of the maximum thermal flux with the
maximum rate of deformation has been identified in the literature as the solidifications threshold
[48]. The time corresponding to the solidification threshold was considered as the datum for
measuring autogenous shrinkage in this study. This is because prior to this point, as the UHPC
is still plastic, deformations are highly influenced by the alterations occurring in the matrix
during hydration. These deformations are mainly thermo-chemical resulting from the vigorous
exothermal reactions accompanying the hydration of cement actives phases [67]. Most often,
such deformations also sprout partially from the deformation of the gauge itself, which
(however) have been accounted for herein by using the gauge thermal expansion coefficient and
the thermocouple accompanying the gauge. Such approach in determining the time-zero was
deemed necessary to yield accurate autogenous shrinkage results. This is because conventional
techniques (e.g. penetration resistance test (ASTM C403) may lead to an overestimation or
underestimation of the total magnitude of autogenous shrinkage. Moreover, with nanoinclusions
(such as the current case), it is highly possible that matrix reaches percolation due to physical
bridging offered by nanomaterials even prior to an actual solidification by structuration of the
hydrated system. This renders the penetration resistance techniques quite obsolete. On the other
hand, while the time corresponding to the end of matrix expansion has been used in the literature
as a datum from measuring autogenous shrinkage, such technique may occasionally be
misleading since matrix expansions are not evident in all mixture types. In the current
experimental campaign (for instance) and elsewhere [32, 37], matrix expansion at very-earlyage were more pronounced in mixtures containing internal curing agents (CF herein and SAP
elsewhere).
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3.3.3 Effect of CF and SF on early-age autogenous shrinkage
Fig. 9 presents the result of autogenous deformations during the first 180 h. In consistence with
the discussion of the previous section, Fig. 9 indicates that autogenous deformations exhibited
a phenomenal transformation at the end of the very-early-age period. Between 12 and 24 h, all
mixtures exhibited drastic changes in the trend due to the mixture transformation to the hardened
state. Beyond 24 h, similar mixtures but with different SF content (showing comparable
deformation trend at very-early-age) started to show clearly divergent deformation trend. At 24
h, for instance, in the absence of CF, both mixtures (0CF/25SF and 0CF/15SF) recorded
comparable deformation of 160 µɛ. The mixtures with CF (0.3CF/25SF and 0.3CF/15SF)
recorded 130 µɛ and 95 µɛ, respectively. At 48 h, however, the two mixtures without CF
(0CF/25SF and 0CF/15SF) recorded 205 and 178 µɛ, respectively, while the mixtures with CF
(0.3CF/25SF and 0.3CF/15SF) recorded 160 and 110 µɛ, respectively. At 72 h, the two mixtures
without CF (0CF/25SF and 0CF/15SF) recorded 260 and 209 µɛ, respectively, while the
mixtures with CF (0.3CF/25SF and 0.3CF/15SF) recorded 197 and 139 µɛ, respectively. At 168
h (7 days), the two mixtures without CF (0CF/25SF and 0CF/15SF) recorded 430 and 310 µɛ,
respectively, while the mixtures with CF (0.3CF/25SF and 0.3CF/15SF) recorded 305 and 253
µɛ, respectively. The above trend reflects that while the effect of SF content on very-early-age
deformation was not evident as detailed in the previous section, SF has a significant effect on
deformations beyond 24h. This can be noticed from the increasing divergence between the
deformations of similar mixtures but with different SF content. As such, the effect of SF on
autogenous shrinkage is much clearer on mixtures without CF as reflected in the above data and
illustrated by the divergence of corresponding graphs in Fig. 9.
To further capture the separate and joint effects of incorporating CF or adjusting the SF content
from 25 to 15% on the development of autogenous deformations, the percentage reduction in
autogenous deformations pertaining to each of the above two options was calculated relative to
the mixture with the highest SF and without CF (0CF/25SF) and plotted in Fig.10. The figure
indicates that relative to the reference mixture (0CF/25SF), percentage reduction in autogenous
deformation in the mixture 0CF/15SF started with a marginal effect at 1 day but steeply
increased in intensity over time until stabilised at ~ 28% beyond 7 days. On the other hand,
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percentage reduction in deformation recorded in the mixture 0.3CF/25SF started with ~20% at
1 day and increased slightly until stabilized at around 30% beyond 7 days. As for the mixture
0.3CF/15SF, the percentage reduction in autogenous deformations were the highest and
remained within 40% in the first 7 days before stabilising at 35% thereafter.

Fig. 9. Evolution of early-age (12 h – 7 days) autogenous deformations in the different ultra
high-performance concrete (UHPC) mixtures (as-recorded deformations).

Fig. 10. Profile of percentage reduction in autogenous shrinkage deformations during the first
14 days in the different ultra-high-performance concrete (UHPC) mixtures relative to
the mixture 0CF/25SF.
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These results indicate that while both the incorporation of CF and the reduction of SF were
found influential on controlling autogenous deformations, the effect of each of these two
alternatives is, seemingly, dependent on concrete maturity. Incorporating CF appears to be more
efficient in controlling the deformations at early-ages while the reduction of SF content seems
to be more influential afterwards. The effect of CF on reducing early-age autogenous
deformations by up to 20 and 40% for SF contents of 25 and 15% is significant, particularly that
autogenous deformations are more critical at early-age when the concrete did not yet develop
sufficient strength. This behavior may be correlated with the hydrophilicity/hygroscopicity of
CF and its water release capacity which are also time-dependent as explained earlier. The lower
efficiency of adjusting SF content on early-age deformations but higher efficiency thereafter
may be associated with the time-dependent pozzolanic reaction. When SF content is reduced,
autogenous shrinkage is attenuated physically by reducing the extra SF which could refine the
pore structure and increase the capillary pressure. Autogenous shrinkage is also attenuated
chemically by reducing the excess SF which may have increased the pozzolanic reaction
consuming relatively larger CH crystals and yielding relatively less-volumetric CSH gel [63].
In this regard, when the two approaches were considered in the mixtures 0.3CF/15SF, a
synergetic effect seems to prevail and the percentage reduction in autogenous shrinkage was the
highest at all ages, as expected.
In general autogenous shrinkage is a complex phenomenon and is influenced by such a variety
of factors as the capillary pore pressure (or suction), pore-size, the pore solution surface tension,
etc., However, within similar conditions for all mixtures, if autogenous shrinkage is considered
to be driven by the destabilization of the internal relative humidity as cement hydrates, then a
possible link may be established between the effectiveness of CF in reducing autogenous
shrinkage at early-ages and the water desorption capacity of CF discussed earlier. If the relative
humidity is taken as an influential parameter on autogenous shrinkage among the other different
factors appearing in Kelvin’s equation [51] (pore radius, temperature, water and gas-related
constants), then the water release capacity of a potential internal curing agent exposed to varying
levels of relative humidity can be, for simplicity, used to assess the effectiveness of such an
internal curing agent. The CF water release capacity described earlier shows that the filaments
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can still release almost totally their absorbed water at RH of 90%, even if the desorption is slow
and spans for about 14 days.
In retrospect to the above discussion, it can be perceived that CF contributes to reducing
autogenous shrinkage by two actions: internal curing and matrix bridging. Within the first 7
days or so, both actions would possibly prevail, thereby leading to the maximum reduction in
autogenous shrinkage (about 40 and 20 % in the mixtures with 15 and 25% SF, respectively).
Later, as CF dispatches its water to replenish the emptying cement pores, the contribution of CF
to attenuating autogenous deformations is more seemingly dominated by matrix bridging. This
can also be supported by the higher elastic modulus and tensile strength imparted by CF as
reported elsewhere [6].

Fig. 11. Evolution of early-age (12 h – 7 days) autogenous deformations (zeroed at the time
corresponding to the solidification threshold).
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However, it should be elucidated that the effect of CF on autogenous shrinkage is influenced by
the matrix expansions (at very-early-age) which were not evident in counterpart mixtures. These
expansions, as stated earlier have an effect on lowering net-autogenous deformations. As a
result, when as-recorded deformations were zeroed to the solidification threshold (Fig. 11), both
early-age and long-term deformations are lowered as shown in Fig 12.

Fig. 12. Long-term deformations in the different ultra-high-performance concrete (UHPC)
mixtures.
Long-term deformations shown in Fig. 12 reconfirm that in all mixtures with 25% SF, the
autogenous shrinkage readings were the highest, as expected, continued at an increasing trend
until the age of 91 days, and reaffirmed the substantial contribution of SF in driving autogenous
shrinkage in UHPC. This was reflected by the relatively steeper autogenous shrinkage curves as
illustrated by the corresponding graphs. In the mixtures with 15% SF, however, autogenous
shrinkage was lower than in their counterparts and plateaued at approximately 28 days after
which no significant increase was noticed. This can also be inferred from the corresponding flat
curves beyond 28 days. While the effect of CF on autogenous shrinkage was very pronounced
at early-age (as discussed earlier), long-term deformations indicate that the effect of CF becomes
marginal at extended curing time. This may substantiate that the effect of CF on the autogenous
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shrinkage behavior is driven by a twofold mechanism, (i) internal curing and (ii)
nanoreinforcing, as detailed elsewhere [8]. While both mechanisms may prevail simultaneously
at all curing ages, the former is more evident to be manifested during the early-age period when
the matrix undergoes the hydration process and CF still have enough water to contribute towards
stabilizing the internal relative humidity. During this period the reinforcing effect may not be
optimum; since the adherence of CF with the still hydrating matrix is not evident. At later ages,
however, internal curing is not evident as the water retained in CF would have been drained out
towards the matrix. As such, dried CF with better adherence to the matrix would provide an
enhanced volumetric stability through a bridging or nano-reinforcing effect driven by CF
fibrillated morphology and tensile properties. Nonetheless, further work is needed to understand
the exact separate and joint effects of these two facets of CF on autogenous shrinkage behavior.

3.4 Mechanical properties
This section presents the effect of CF and SF on mechanical performance of tested UHPC
mixtures. Section 3.4.1 addresses the compressive strength at different testing ages (up to 91
days) while section 3.4.2 presents the flexural capacity at 28 and 91 days.

3.4.1 Compressive Strength
The results of compressive strength (fc) for the tested UHPC mixtures are shown in Fig. 13. The
figure indicates the effect of CF on compressive strength of UHPC varies with ages. At early
ages (up to 7 days), mixtures with CF showed lower fc. Nonetheless, beyond 7 days, that adverse
effect diminished and mixtures with CF recorded quite comparable performance as their
counterparts. The lower fc measured in systems with CF can be traced-down to the higher air
content exhibited in mixtures with CF. While the use of CF has been reported elsewhere to
improve compressive strength [6], the excess content of HRWRA in UHPC could lead to a sort
of interactions between CF and HRWRA which may have caused the increased air content.
However, this possible interaction has not been considered in this study. On the other hand, the
reduced compressive strength in mixtures with CF may be associated with the higher amount of
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CF purposely selected for the sake of controlling autogenous shrinkage. Our previous works
indicated that while mechanical properties are higher at lower CF contents (0.05-0.10%), better
control of autogenous deformations was achieved with increasing CF content [6-8]. As for the
reduced fc at early-age (1-7 days) as compared to later age in the presence of CF, this may be
linked to the low adherence between the filaments and the matrix at earlt-age. At later ages,
however, as the skeleton of the hydrated system is structuring, it is believed that a better bond
is established between the filaments and matrix, thereby enhancing the adherence of the
filaments into the skeleton of the hydrated system. Overall, all mixtures satisfied the 120 MPa
target compressive strength for the selected UHPC mix design. On the other hand, as for the
effect of SF, no clear effect can be captured until the age of 56 days. By the age of 91 days,
however, at 25% SF an increment of 8 and 12% in fc were obtained in mixtures without CF and
with CF, respectively. The increased fc at the age of 91 days with higher SF content can be
attributed to a combination of chemical and physical effects which include: (1) a time-dependent
pozzolanic reaction of SF with calcium hydroxide from cement hydration to yield secondary CS-H, thereby refining matrix porosity, strengthening the microstructure, and reducing
microcracking [68]; (ii) an increased particle packing, leading to a denser microstructure [69];
and (iii) an increased C-S-H chain length when the mixture contains higher amount of SF [70].
In retrospect to the previous discussion on autogenous shrinkage, where mixtures with 25% SF
exhibited higher autogenous shrinkage, which continued in increasing paces up to 91 days and
beyond, the increasing trend of the autogenous shrinkage is in harmony with the continuous
pozzolanic reaction led by SF and reflected into higher mechanical properties. However, since
the autogenous deformations were measured in unrestrained conditions, no adverse effects on
mechanical properties were recorded.
On the other hand, in light of the claim that the increased mechanical properties at 90 days in
mixtures with 25% SF is driven by the chemical and physical effects of SF, the absence of such
effect up to 56 days should be clarified. It is believed herein that there is an interference of a
rheological aspect influencing this trend. In fact, in the mixture 15% SF, it is evident that the
total net surface area of SF has significantly decreased relative to the mixture with 25% SF.
Consequently, the water and HRWRA needed to lubricate and disperse SF particles can decrease
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due to lower net surface area of SF particles. This consequently leads to higher slump-flow at
the same w/b as previously discussed in fresh properties. The enhanced flowability in the
mixture with 15% SF can lead to better dispersion of cement and SF particles, thereby positively
influencing the strength gain. On the other hand, the higher rheologically active-water due to
the lower SF content can contribute in the solubilisation of more anhydrous particles, thereby
enhancing the compressive strength. Such effects are, however, not evident at long-term
(beyond 56 days) when the pozzolanic activity will be more dominant [71].

Fig. 13. Compressive and flexural strength results for the different ultra-high-performance
concrete (UHPC) after different curing periods
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3.4.2 Flexural strength
The results for the flexural capacity (ffl) at 28 and 91 days for all tested UHPC mixtures are
depicted in Fig. 13. The figure reveals few major points which can be briefed as follows: (i)
mixtures with 25% SF exhibited higher ultimate ffl than that of their counterparts with 15% SF, as
expected; (ii) mixtures with CF recorded slightly higher ultimate ffl than that of their corresponding
counterparts without CF, and (iii) the ffl is higher at 91 days-in consistence with the compressive
strength trend discussed earlier. The higher ffl in mixtures with 25% SF as compared to those with
15% SF is a direct effect of the compressive strength trend for the reasons detailed earlier (higher
packing density; pozzolanic activity). This is consistent with mainstream investigations indicating
that the optimum SF content to obtain a denser matrix lies around 25% [72].
On the other hand, the higher ffl in mixtures with CF sheds the light on the matrix
nanomodification resulting from the incorporation of CF. The incorporation on CF has been
proven elsewhere to increase the tensile strength of concrete [6]. Additionally, low water-tobinder ratio cement systems incorporating CF were found to exhibit higher flexural capacity due
to an increased amount of chemically-bound water. This led to an enhanced degree of hydration
by providing supplementary source of water. Furthermore, nanoindentation assessments [8]
indicated that the incorporation of CF in low water-to-binder ratio (0.3) systems enhanced the
microstructure phase micromechanical properties which were reflected in higher flexural
capacity and elastic modulus.

4 Summary and conclusions
This paper investigated the effectiveness of using cellulose filaments (CF) as a novel approach
for mitigating autogenous shrinkage in ultra-high-performance concrete (UHPC). UHPC fresh
properties, autogenous shrinkage, and mechanical behavior were evaluated when the mixture
incorporated CF at a dosage of 0 and 0.3% as compared to when the mixture content in silica
fume (SF) was adjusted from 25 to 15%. Overall, test results reveal that the use of CF reduces
autogenous shrinkage with better effectiveness at early age. On the other hand, lowering SF
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content also reduces autogenous shrinkage with better long-term effects, but adversely affects
mechanical performance. Specific findings can be summarized as follows:
•

The incorporation of CF reduced mixture slump-flow due to the increased viscosity
imparted by the hydrophilic CF. Nonetheless test observations reveal that mixtures with
CF had little resistance to deformation due to a shear thinning effect exhibited in mixtures
with CF as demonstrated elsewhere.

•

The effectiveness of CF in reducing autogenous shrinkage was more pronounced within
the first 7 days owing to the time-dependent water release from CF. A reduction in
autogenous shrinkage of 40-45% was maintained between 1 and 7 days before stabilising
at 35% at 7-14 days and thereafter. This is of paramount importance since autogenous
deformations are more critical at early ages when concrete didn’t yet develop a sufficient
tensile strength.

•

While the incorporation of CF results in slight adverse effect on compressive strength
between 1 and 7 days, this effect, however, seems to disappear at later ages (>7 days) as
comparable compressive strengths were recorded in all mixtures. On the other hand, the
flexural capacity of mixtures with CF was slightly increased. This reduced early-age
compressive strength in mixtures with CF can be associated with time dependent
development of adhesion between CF and the matrix, while the enhanced flexural
capacity may be linked to a combination of an internal curing effect offering
supplementary water to foster hydration and nano-bridging effect.

•

The reduction of SF content from 25 to 15% slightly favored fresh properties due to the
reduction in total surface area to be lubricated by water and HRWRA. On the other hand,
while the reduction in SF from 25 to 15% is significant, the effect of this adjustment on
early-age autogenous shrinkage was not evident. The percentage reduction in autogenous
shrinkage associated with the adjustment of SF content from 25 to 15 started with
negligible value (0-4%) at 1 day then gradually increased over time until stabilised at 2528% at 7 days and thereafter. This indicates that adjusting the SF content in the tested
UHPC may be effective in reducing autogenous deformations at later ages but not at
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early-ages which are more critical. On the other hand, the reduction in SF content lead to
substantial drop in flexural capacity: a drop of up to 32% drop.
Finally, overall results indicate the effectiveness of using CF as a tool for reducing
autogenous shrinkage in UHPC, though more work is needed to substantiate the obtained
results. The production of UHPC with reduced autogenous shrinkage is expected to
contribute to the implementation of UHPC in in-situ applications where autogenous
shrinkage are more problematic.
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CHAPTER 5

Effect of Cellulose Filaments on Properties of
Hardened Concrete
5.1 Introduction
In this chapter, the potential of the nanoscale cellulose filaments (CF) for enhancing the strength
properties of hardened cement composites is investigated. The goal of the chapter is to quantify
the influence of CF on mechanical properties of cement composites. This was undertaken on
cement pastes and concrete mixtures where CF was added at up to 0.20% per weight of binder.
In cement paste, the effect of CF on mechanical performance was also evaluated under two
curing conditions (wet curing and dry-sealed curing). In outcome, with the incorporation of the
CF, it was possible to improve the compressive, tensile, and flexural resistance of cement
composites without necessary increasing the binder content. Two mechanisms for explaining
the strength gain were proposed: (i) a nanoreinforcing effect whereby the intrinsic strengthening
effect of nanocellulose would contribute to bridging cracks at the nano/micro scale as evidenced
by microstructural analysis, and (ii) an internal curing effect where the hydrophilic CF would
provide supplementary water to promote cement hydration or the hygroscopic CF would provide
a pathway for water dispatch from the bulk matrix towards anhydrous grains. Therefore, this
chapter contributes to providing a new tool for controlling the mechanical performance of
cement campsites at the nanoscale. Further details are provided below as part of Article 3
published in the context of this research (Section 5.2) with supplementary evidences on the
sources of enhancement in strength of CF-systems to come later in Chapter 6.
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5.2 Article 3- Influence of Cellulose Filaments on Cement
Paste and Concrete
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Abstract
In light of the current increasing interest toward nanomaterials for concrete technology, it
appears that nanocellulose (with its incredible properties) can shape a promising sustainable
candidate. This study investigates the influence of a new type of nanocellulose materials,
namely, cellulose filaments (CF), on the properties of cement pastes and self-consolidating
concrete (SCC). CFs were found to alter mixture rheology and improve its stability because of
the filaments’ hydrophilicity. While the compressive strength of CF pastes was adversely
affected (because of air entrainment and filament agglomeration), the flexural capacity was
increased by up to 25%. In SCC, all measured mechanical properties were enhanced. Strength
improvements of up to 16% (in compression), 34% (in splitting tension), 22% (in flexure), and
96% (in energy absorption) were obtained. These improvements were attributed to two effects
imparted by CF: nanoreinforcing and internal curing. The former was evidenced by
microstructural analysis, while the latter was confirmed by the assessment of autogenous
shrinkage, in which CF reduced the shrinkage strains at 7 days by up to 31%. In SCC, CFs also
imparted a viscosity-modifying effect, in which the hardened properties were enhanced via
improving mixture stability.

Author keywords: Cement paste; Cellulose filaments; Mechanical performance;
Microstructure; Nanocellulose; Self-consolidating concrete (SCC) rheology.
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Introduction
In the context of sustainable development, the concrete technology community has been striving
constantly to enhance the performance of concrete in different dimensions with a particular
focus on eco-efficiency perspectives. Fiber-reinforced concrete (FRC) technology is one of the
major leaps in this quest, which has led to concretes with enhanced tensile strength, ductility,
toughness, and fatigue resistance (Banthia et al. 1994; Khaloo and Afshari 2005; Altoubat et al.
2016). Nonetheless, there are several concerns about fibers conventionally used in FRC. These
concerns include low corrosion resistance in steel fibers (Kosa and Naaman 1990), poor bond
with the cementitious matrix and degradability under cement’s alkaline medium in glass fibers
(Rybin et al. 2016), and low cost effectiveness in carbon and polymer fibers (Chung 2000). In
this respect, since cellulose is considered to be the most ubiquitous and renewable natural
polymeric raw material on the planet, it may be legitimate to believe that plant-based natural
fibers (NF) have the potential to offer the most cost-effective and sustainable alternative
reinforcement. Unfortunately, many untreated NFs exhibit durability issues, inconsistency in
properties, and poor adherence to the matrix (Romido et al. 2000). NFs are very effective in
controlling plastic shrinkage [e.g., 99% reduction in crack width and total crack area with only
0.3% by volume (Boghossian and Wegner 2008)], mitigating drying shrinkage [e.g., 86%
reduction in crack width with only 1% by volume (Kawashima and Shah 2011)], and improving
the mechanical performance of cement composites [e.g., 20–50% enhancement in flexural
strength and fracture toughness when a NF dosage of 2–16% by weight was considered (Sedan
et al. 2008; Morton et al. 2010; Merta and Tschegg 2013)]. Nevertheless, the industrial
production of NF concrete is currently limited. This is due primarily to the inconsistence in fiber
properties leading to variations in concrete performance. The variation in concrete performance
hinders an accurate prediction of mechanical behavior (Aziz et al. 1981). Additionally, NFs
exhibit another handicap, which is the fibers’ vulnerability in the cement’s alkaline medium
(Ardanuy et al. 2011). This is attributable to the alkaline degradation of some fiber components
such as lignin, hemicellulose, pectin, and soluble sugars (Onuaguluchi and Banthia 2016). The
advantages offered by NFs could have been optimized if some of these issues were addressed.
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Recently, research works in nanoscale plant-based materials have led to the emergence of what
is called nanostructured cellulose. This includes an array of cellulosic materials such as
nanofibrillated cellulose (NFC), cellulose nanocrystals (CNC), bacterial cellulose (BC), and
cellulose filaments (CF). NFC consists of alternating crystalline and amorphous domains made
of bundles of stretched cellulose chain molecules with long, flexible, and entangled cellulose
nanofibers of approximately 1–100-nm diameter and 500–2,000-nm length (Moon et al. 2011).
CNC consists of rodlike highly crystalline cellulose particles of 2–20-nm diameter and 50–500nm length, thereby exhibiting a lower aspect ratio compared to NFC and a limited flexibility
due to the absence of amorphous portions (Brinchi et al. 2013). BC particles are microfibrils
secreted by various bacteria and have different morphologies, but they are typically
rectangularlike, 6–10 nm wide and 30–50 nm long (Eichhorn et al. 2010). CFs are mechanically
processed cellulose fibrils with micrometric length and nanometric diameter. CFs exhibit some
structural similarities with NFC, but they have an extended length (100–2,000 μm) compared to
their diameter (30–400 nm), thereby resulting in a significantly higher aspect ratio (100–1,000).
The treatment of natural fibers at the nanoscale to yield these nanostructured cellulose particles
increases the consistency in their material properties (lacking at the macroscale) and removes
fibers’ degradable compounds. Additionally, the use of nanostructured cellulose can allow
exploitation of the power of cellulose polymers that imparts inherent strength to plants through
the complex hierarchical structure of cellulose. The incorporation of nanocellulose into cement
systems has the further potential to obtain what is called nanomodified concrete (Jongvisuttisun
et al. 2013).
Nanomodification of concrete refers to incorporating nanosized objects into concrete to
manipulate its nanostructure and control its macro behavior (Jennings et al. 2008) in order to
develop a new generation of tailored and multifunctional composites with superior mechanical
performance and durability (Sanchez and Sobolev 2010). Published studies on
nanomodification of concrete have hitherto covered nanometal oxides (e.g., nanosilica,
nanotitanium dioxide, nanoiron oxide, nanoalumina, etc.); nanoclay; carbon nanofibers; and
carbon nanotubes. Relevant investigations on nanostructured cellulose are scarce. Whereas the
incorporation of nanocellulose in polymer matrices is deep rooted (Boldizar et al. 1987; Favier

Chapter 5: Effect of CF on properties of hardened concrete

213

et al. 1995; Dufresne and Vignon 1998; Al Turaif 2013), its applications in cement and concrete
composites are still nascent. Our survey of literature has indicated that very few investigations
have reported on the incorporation of NFC, NCC, and BC in cement composites.
In general, the available literature on the use of nanostructured cellulose in cement composites
indicates influences on hydration kinetics, rheological properties, and mechanical performance.
Reported effects on hydration kinetics include a reduction in mixture conductivity, impediment
of early-age hydration kinetics, and acceleration of the hydration process at later ages
(Jongvisuttisun et al. 2013). The influences on rheological properties include an increase in
viscosity and yield stress in a shear thinning behavior (Hoyos et al. 2013; Cao et al. 2015), an
increase in water and superplasticizer demands, and a decrease in workability (Peters et al.
2010). Nanostructured cellulose also alters the microstructure of cement composites and
influences their mechanical performance. Onuaguluchi et al. (2014) reported increases in
flexural strength and energy absorption of cement pastes containing 0.1% by weight NFC by
approximately 106 and 184%, respectively. Cao et al. (2015) reported improvement in flexural
strength of 20–30% at an optimum CNC dosage of 0.2% by weight due to an enhanced degree
of hydration. Peters et al. (2010) found that a NFC addition of 0.5% by weight was optimal for
improving the fracture properties of ultrahigh-performance concrete. Despite several common
features between existing nanocellulose materials and the CFs investigated herein, CFs exhibit
the highest aspect ratio owing to their micrometric length but nanometric diameter. Initial
applications of CF emerged in the paper and pulp industry, where the strength of sheets made
from Kraft pulp was improved by 250% at the addition of 10% CF [X. Hua, M. Laleg, K. Miles,
R. Amiri, L. Ettaleb, and G. Dorris, “High aspect ratio cellulose nanofilaments and method for
their production,” U.S. Patent No. 9051684 B2 (2015)]. The incorporation of CF in cement
systems is a new endeavor addressed in this study, in which the effect of CF at dosages of 0.1,
0.15, and 0.2% by weight on the fresh and hardened properties of paste and self-consolidating
concrete (SCC) mixtures was investigated. The influence of CF on fresh and rheological
properties, heat of hydration, early-age deformations, microstructure, and mechanical
performance was examined. For the cement pastes, the mechanical performance was evaluated
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in a function of the curing regime (moist versus sealed) in order to disclose the effect of CF on
internal curing.

Experimental Program
Materials Properties
Four cement pastes and four SCC mixtures were considered in this study. Type General Use
(GU) cement and Class F fly ash (FA) with Blaine fineness values of 431 and 287 m 2/kg,
respectively, were used. The chemical composition determined by X-ray fluorescence for the
cement includes 20.5%SiO2, 4.0%Al2O3, 2.0%Fe2O3, 63.2% CaO, 2.2% MgO, 3.4%SO3, and
1.1%Na2Oeq. For FA, the chemical composition includes 53.7%SiO2, 17.5%Al2O3,
5.6%Fe2O3, 12.4% CaO, 2.1% MgO, 1.4%SO3, and 3.6%Na2Oeq. The CF used in this study
was manufactured and provided by Kruger Biomaterials (Trois-Rivières, Québec, Canada) in a
semidispersed form (a nominal moisture content of 70%). The filaments were extracted from
wood pulp through a process (patent pending) that uses only mechanical energy. Generally,
wood pulp is made of a large amount of cellulose macrofibers. The wall structure of cellulose
macrofibers is composed of bunches of closely stacked cellulose macrofibrils organized around
a cavity called a fiber lumen. A single cellulose macrofibril is composed of tiny bands of
cellulose microfibrils, which, when peeled axially, create CFs. CFs represent an intrinsic part of
the hierarchical structure of cellulose (Fig. 1), which imparts intrinsic strength to plant-based
materials. The extraction process of CF involves the removal of matrix impurities such as lignin,
pectin, wax, and soluble sugars. As a result, CF contains mainly cellulose (>95%) and a small
amount of hemicellulose.
To prepare CF suspensions (with different CF concentrations), the as-received CF material was
added to the mixing water and homogenized by high shear mixing. Fig. 2 shows pictures of
water suspensions with varying CF contents, while Figs. 3 and 4 depict field emission gunscanning electron microscopy (FEG-SEM) images of a dried CF diluted suspension with 0.1%
CF. The figures illustrate the fibrillar morphology for a network of filaments (Fig. 3) and for
some individual fibrils (Fig. 4).

Chapter 5: Effect of CF on properties of hardened concrete

215

In the SCC mixtures, crushed limestone coarse aggregates with 5–14 mm maximum size, 2.77
specific gravity, and 0.52% water absorption rate were used. Natural river sand with a specific
gravity of 2.65 and an absorption rate of 0.9% was employed. A polycarboxylate-based highrange water-reducing admixture (HRWRA) with 32% solid content—fulfilling the requirements
of ASTM C494 Type F admixtures (2016a)—was added at a constant dosage of 2.5 L/m3 to
secure the target flowability of 750 mm in the plain SCC mixture.

Fig. 1. Schematic of hierarchical structure of cellulose filaments (CFs)

Fig. 2. Cellulose filament (CF) (a) in a semi-dispersed form, as received, and (b) in aqueous
suspensions used to prepare the mixes
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Fig. 3. SEM image of a dried diluted CF aqueous suspension with 0.1% CF: CF network

Fig. 4. SEM image of a dried diluted CF aqueous suspension with 0.1% CF: Individual fibrils
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Mixture Proportions and Mixing Procedures
Four paste mixtures were designed with cement: FA: water proportions of 1.00: 0.33: 0.50 by
mass, respectively. The mixtures contain, respectively, 0, 0.1, 0.15, and 0.2% by weight CF. FA
was incorporated in pastes to be consistent with the SCC systems investigated in parallel. The
above mixtures were used in all tests conducted on pastes, excluding autogenous shrinkage,
where a slightly different recipe was adopted and detailed later in the relevant section. All paste
mixtures were prepared following the ASTM C305 guidelines (ASTM 2014a).
Four SCC mixtures were designed with a water-to-binder ratio (W/BW/B) of 0.42: a reference
mixture with no CF (designated in this manuscript as Ref.) and three mixtures incorporating CF
at dosages of 0.1, 0.15, and 0.2% by weight of binder (Table 1).

Table 1. Concrete mix proportions
Component
Cellulose filament (CF), kg/m3
Type GU cement, kg/m3
Class F fly ash, kg/m3
Total binder, kg/m3
Water, kg/m3
W/B
Sand (0-5 mm), kg/m3
Coarse Aggregate (5-14 mm), kg/m3
HRWRA, L/m3

Control
-

0.1% CF 0.15% CF
0.487
0.731
365
122
487
200
0.42
804
825
2.5

0.2% CF
0.974

An aqueous suspension of CF was prepared by diluting the as-received material into water by
applying high shear mixing for 60 s using a 700-watt blunt-blade blender. CF disintegration was
carried out for 10 s at a low speed (100 rps); 20 s at a moderate speed (200 rps); and 30 s at a
high speed (300 rps) in an attempt to disentangle filament clumps. To attenuate filament damage
during mixing, the blender was carefully selected so as to have a two-tip horizontally laid blade
with blunt (less sharp) edges. This was an attempt to foster the disintegration of filaments by
the resulting rotational energy created in the suspension rather than by the blades’ torque alone.
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The above dispersion protocol was adopted by the authors upon investigating the effectiveness
of other strategies, namely, magnetic-field shearing, ultrasonication, and dispersion with
surfactants.
For paste mixtures where no HRWRA was used, the resulting CF suspension was then added to
the total adjusted mixing water. For SCC mixtures, a HRWRA was added to the adjusted mixing
water, and the resulting suspension was split into two halves, one of which was mixed with the
CF suspension. The ensuing mixture (CF-water-HRWRA) was homogenized by shaking the
suspension for approximately 30 s. This step could have also been carried out by stirring since
it is simply an extra precaution for an already dispersed CF suspension. Paste systems were
prepared using a Globe SP20 mixer, while the SCC mixtures were prepared using a Crown C9
concrete mixer. Detailed mixing procedures for pastes and concrete mixtures are described in
Table 2.
Table 2. Mixing procedure
System

Mixing procedure
Add mixing water in the form of CF suspension.
Add cement (and fly ash) to the water and allow 30 sec for water absorption.

Pastes

Mix at low speed for 30 sec.
Stop the mixer for 15 sec, scrape during this time.
Mix at medium speed for 60 sec.
Add aggregate and sand, mix for 1 min.
Add the first half of water containing CF, mix for 1 min.

Concretes

Add cement (and fly ash), mix for ½ min.
During mixing at above step, add the 2nd half of water, continue mixing for 2.5 min.
Pause for 2 min to allow air bubbles to evacuate.
Remix for 2 min, then start casting.

Chapter 5: Effect of CF on properties of hardened concrete

219

Curing and Testing Procedures
The influence of two curing regimes (moist versus sealed) on the mechanical properties was
investigated for paste mixtures. This was intended to assess the potential effect of CF on internal
curing. For moist curing, the paste specimens were kept in a curing room at 100% relative
humidity (RH) and 22°C until the time of testing. In the sealed curing condition, the paste
specimens were hermetically wrapped with adhesive plastic sheets and kept in a controlled
medium (50% RH and 22°C) for 7 days, followed by unwrapping and storing the specimens in
the same environment for an additional 21 days.
For concrete mixtures, upon casting, samples were stored in a room with a RH and temperature
of approximately 50% and 23°C, respectively, for 24±1 h. Then they were demolded and
transferred for storage in a fog room at 100% RH and 22°C temperature until the age of testing.
The different test methods adopted to execute the experimental program are elaborated in the
following sections.

Tests of Moisture Content and Water Retention/Release Capacity of CF
The moisture content (MC) of the as-received CF was determined on five samples of 5.0 g mass
kept in an oven at 60°C. The samples were regularly measured during a period of 18 h until the
mass loss stabilized at a final mass of 1.7±0.02 g. This corresponds to 34% of the initial 5.0 g
mass. To examine the possible effects of the filament’s MC on the mixing water during the
preparation of pastes and concretes, a set of CF samples of 0.3 g were subjected to centrifugation
at 2,000; 3,000; and 4,000 rpm. For each centrifugation speed, the mass loss was evaluated after
10, 20, and 30 min of centrifugation. The water retention capacity (WRC) of CF was determined
using the following methodology: A 30.0 g sample of as-received CF was kept in an oven at
60°C until a final mass of 10.2 g of dry CF (34% of the initial mass) was obtained. Several CF
suspensions were prepared by mixing 0.1 g of dry CF (referred to herein as M0M0) with 1.9 g
of distilled water. The well-tight samples were then stored at 22°C and 50% RH until tested at
predetermined water immersion durations (i.e., 1, 3, 6, 12, 24, 48, or 72 h). For each water
immersion duration, four samples were subjected to centrifugation at 3,000 rpm for 25 min
using 2-mL centrifugal filters of 100,000 molecular weight cutoff (MWCU) to drain out water.
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The resulting CF was accurately weighted for its wetted mass (M1) and the WRC was determined
as
𝑀1 −𝑀0

𝑊𝑅𝐶 = (

𝑀0

) × 100%

(1)

To evaluate the water release rate (WRR) of CF, after the WRC test, the samples for 72-h
immersion were exposed to 38±1°C and 20±1% RH. The samples were then accurately weighed
and their mass (M2) after moisture loss was recorded after a series of exposure durations (0.17,
0.5, 2, 3, 4, 8, 12, 16, 20, 24, and 48 h). The WRR was calculated as follows:
𝑀 −𝑀

𝑊𝑅𝑅 = (𝑀1−𝑀2 ) × 100%
1

𝑜

(2)

Tests on Paste Mixtures
Fresh and Rheological Properties
The fresh properties of pastes included the mini-slump-cone test [ASTM C230 (ASTM 2014b)],
the mini-V-funnel test (EFNARC 2005), the air content [ASTM C185 (ASTM 2015)], and the
temperature. In the mini-slump-cone test, the spreading diameter was measured immediately
after cone lifting and also after subjecting the sample to 25 blows from the flow table. Moreover,
the rheology of all paste mixtures was assessed using a coaxial-cylinder rheometer with a
serrated surface and cup and bob diameters of 28.911 and 26.660 mm, respectively, providing
a shear gap size of 1.126 mm.
Isothermal Calorimetry
The heat evolution in all paste mixtures was monitored using a TAM air isothermal calorimeter
(TA Instruments, New Castle, Delaware) following the guidelines of ASTM C1702 (ASTM
2017). From each mixture, a 3.0 g sample was placed into a calorimetric chamber (kept at a
constant temperature of 22±0.1°C). Measurements were collected for a continuous period of
28 h and were used to assess the effect of CF on the heat evolution of different paste mixtures.
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Autogenous Shrinkage
Autogenous deformations were measured to assess the potential effect of CF on internal curing.
A plain paste mixture and three mixtures containing CF (at 0.1, 0.15, and 0.2% CF) were
considered for this purpose. As is well known, autogenous shrinkage occurs in all cement
composites, but it is more evident in systems with a low water-to-cement (W/C) ratio (Tazawa
and Miyazawa 1995). Therefore, paste mixtures with a slightly lower W/C/ (0.35) were
designed to mobilize autogenous shrinkage so that the potential effect of CF on this phenomenon
can be better captured. The reduction of W/C, however, necessitated the introduction of a water
reducer to maintain mixture flowability (a mini-slump flow diameter of 250±15 mm). A
HRWRA with a dosage of 0.25% by weight of cement was introduced on a solid basis. This
dosage was slightly increased to 0.27, 0.30, and 0.35% by weight in the specimens with 0.1,
0.15, and 0.2% CF, respectively. Paste prisms measuring 80×80×350 mm were instrumented
with embedded vibrating-wire strain gauges of type EM-5 (Roctest, Saint-Lambert, Québec,
Canada) of 144 Ω resistance and a strain range of 3,000 μϵ [Fig. 5(a)]. Additional to measuring
deformations resulting from autogenous shrinkage, the gauge is also equipped with a
thermocouple to record temperature evolutions in the paste throughout the testing period so that
temperature-borne deformations can be subtracted from the total deformation. To ensure full
embedment of the gauge in the paste, the gauge was set centered in the mold (in all directions)
using attachment wires so as to allow it a free rotation and axial translation (necessary to respond
to the matrix linear deformations). The fresh cement pastes were placed in the mold in two layers
and were consolidated following the procedures detailed in ASTM C157 (ASTM 2014d). The
molds containing the pastes were hermetically sealed with adhesive plastic wraps immediately
after casting and remained so until demolded 24±0.5 h later. Immediately after demolding
(within 2±1/2 min), the specimens were sealed with an adhesive aluminum foil and kept in a
controlled environment (50% RH and 22°C) for 7+days7+days [Fig. 5(b)]. Data were
automatically recorded via an acquisition system at a 30 min frequency during the first day and
4 h frequency thereafter.
Parallel to the measurements of autogenous deformations, the setting time of the tested paste
mixtures was determined by the Vicat needle test [ASTM C191 (ASTM 2013)]. The final setting
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time was used as a datum for the readings of autogenous deformations. This is because, prior to
the final setting time, as the paste is still plastic, deformations are predominantly due to (1) the
chemical shrinkage resulting from the vigorous exothermal reactions accompanying the
hydration of the cement’s active phases and (2) the potential deformation of the strain gauge
itself due to the rise of temperature as the cement hydrates. Moreover, the splitting-tensile
strength (fsp) was evaluated on 100×200 mm paste cylinders at 1, 3, and 7 days in accordance
with ASTM C496 guidelines (ASTM 2011) in an attempt to unveil a reinforcing action of CF,
if any.

Fig. 5. Test set-up for autogenous shrinkage: (a) mold with an embedded vibrating-wire strain
gauge, and (b) specimens sealed with adhesive aluminum foil and connected to a dataacquisition
Mechanical Properties
Specimens for mechanical properties were cast from each paste mixture soon after mixing and
then demolded 24±1 h later. For each paste mixture, cube samples (50×50×50 mm) and prisms
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(50×50×160 mm) were prepared to assess the mechanical performance. The cubes were tested
for compressive strength (fc) at 1, 7, and 28 days according to ASTM C109 guidelines (ASTM
2016c), while the prisms were tested for flexural capacity (ffl) at 28 days according to ASTM
C348 guidelines (ASTM 2014c). Mechanical properties at all ages (under both curing regimes)
were tested on a minimum of three samples. The average value was used to compare the
performance of different mixtures.
Microstructural Analysis
A high-resolution field emission gun (FEG) scanning electron microscopy (SEM) of type
Hitachi S-4700 (Tokyo, Japan) equipped with an Oxford energy dispersive spectroscopy (EDS)
of type X-Max (Oxford Instruments, Abingdon, United Kingdom) was employed to analyze the
microstructure of cement pastes. Analysis was conducted on fresh fractured surfaces to promote
the visibility of CF. Test specimens were coated with gold palladium for 60 s to assuage the
effect of surface charges induced by the ultrahigh-energy electron beam. A double-faced
adhesive carbon film was placed between the specimen and the specimen-holding plate to foster
conductivity. A secondary electron (SE) detector, operated at 2.0 or 3.0 kV accelerating voltage
and an emission current of 10 μA, was adopted for the analysis of the fractured specimens.

Tests on Concrete Mixtures
Fresh and rheological properties
For the concrete mixtures, the assessment of fresh properties was carried out using common
SCC fresh property tests which included: (i) the slump-flow diameter, the time required to reach
a 500 mm spread diameter (T500), and the visual stability index (VSI) [ASTM C1611(ASTM
2014f)]; (ii) the J-Ring spread diameter and blockage ratio [ASTM C1621 (ASTM 2014e)]; and
(iii) the V-Funnel (EFNARC 2005).
The rheology of concrete mixtures was assessed using a ConTec 5 rheometer which consists of
a fixed outer cylinder and an inner rotating bladed cylinder. The rotation speed was adjusted to
increase from 0.025 to 0.5 rps in 10 points such that 50 resistance-time measurements are
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recorded at each point. For the analysis of the rheological measurements, the Bingham model
(Bingham and M. Reiner 1933) was adopted to characterize the mixture flow behavior by
measuring the rheology data such as yield stress (τ0), plastic viscosity (μpl), shear stress (τ), and
shear rate (γ́).
Mechanical properties
For each concrete mixture, the fc [ASTM C39 (ASTM 2016b)] at 1, 7, and 28 days and fsp
[ASTM C496 (ASTM 2011)] at 28 days were measured using 100×200 mm cylinders. The ffl
[ASTM C78 (ASTM 2016d)] and the flexural toughness (Tb) were evaluated using
100×100×400 mm prisms (at 28 days). The flexural tests were performed under four-point
bending configuration in a displacement-controlled mode using a displacement rate of 0.0008
mm/s. Tb was determined following the JSCE SF-4 approach (JSCE 1984) where Tb is defined
as the area under the load-deflection curve until a deflection of 1/150 of span. It is also defined
alternatively as the area immediately before failure if the specified deflection was not reached.
The area under the load-deflection curve from flexural testing was calculated using the Trapz
built-in function in MATLAB.
Microstructural analysis
The microstructural investigations on concrete mixtures were carried out on fresh fractured
concrete samples at the age of 28 days following the same testing techniques adopted for paste
mixtures described earlier.

Results of Tests for CF Moisture Content and Water Retention/Release
Results of the MC of CFs are presented in Fig. 6. The moisture loss at 60°C was very steep in
the first 4 h and then stabilized thereafter until the mass of the dry CF became constant (at 34%
of the initial mass) beyond 18 h. The MC of CF at the time of preparing the paste and concrete
mixtures can be taken as 66%. However, this suspended water was not considered in calculating
the mixing water. In fact, as mentioned earlier, a series of tests were conducted to examine the
possible effect of the filament’s MC on the mixing water. These tests showed that upon
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subjecting the as-received material to centrifugation at 2,000; 3,000; and 4,000 rpm (for up to
30 min), no mass loss was recorded at all. The results of the WRC of CF are shown in Fig. 7.
The figure shows that within 1 h of saturation in water, CF can imbibe up to 80% of its mass.
The WRC exceeds 100% by 6 h of saturation and stabilizes at 125% when CF was saturated for
72 h. CF samples obtained from WRC tests at 72 h of saturation followed by centrifugation at
3,000 rpm for 25 min released their absorbed water according to the trend shown in Fig. 8. The
WRR of CF exceeded 50% by 4 h of exposure to a dry medium (38 ± 1°C and 20 ± 1%RH) and
plateaued at 96.8% in 48 h. Whereas this trend gives an indication of the water desorption of
CF, a more comprehensive assessment would examine the WRR under variable RH, particularly
at higher RH.

Fig. 6. Moisture content in CF. The figure shows the mass loss at 60 oC.

Fig. 7. Water retention capacity of CF in
function of the duration of saturation in
water.

Fig. 8. Water release rate of CF in
function of the duration of exposure to a
dry medium
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Results and Discussion for Paste Mixtures
Fresh Properties and Rheology
The fresh properties of all paste mixtures are presented in Table 3. The results show that CF
significantly altered mixture workability. Whereas the slump-flow diameter (before shocking)
was 160 mm in the reference paste, the incorporation of CF at dosages of 0.1, 0.15, and 0.2%
reduced the slump flow diameter to 100, 90, and 85 mm, respectively. After 25 blows on the
flow table, the reference paste had a flow diameter of 330 mm, while the incorporation of CF at
dosages of 0.1, 0.15, and 0.2% reduced the slump flow diameter to 290, 270, and 240 mm,
respectively. The decrease in workability exhibited in mixtures with CF was directly reflected
by a remarkably higher V-funnel passing time. From 3.50 s passing time in the reference
mixture, the incorporation of CF at 0.1, 0.15, and 0.2% augmented the passing time to about 13,
25, and 42 s, respectively. This corresponds to about 4, 7, and 12 times the passing time of the
reference paste. These observations indicate a significant reduction in workability when CF is
used. This is further evidenced by the results in Fig. 9 for the rheological measurements of the
plain paste mixture and the mixtures with 0.1 and 0.15% CF. The mixture with 0.2% was not
tested as its viscosity was beyond the device limit. Fig. 9 indicates that the incorporation of CF
at a dosage of 0.15%, for instance, increased the yield stress and the plastic viscosity of the
reference paste by 35 and 42%, respectively. This can be reflected by an increased mixture
cohesion and homogeneity and can be attributed to the hydrophilic nature of CF and to its
nanometric fibrillar structure. The hydrophilicity of CF leads to water adsorption whereby water
molecules adhere peripherally to CFs, thereby fixing some of the mixing water. This is
confirmed by the water absorption capacity of CF described in the previous section where CF
can imbibe water up to 80% of its mass within 1 h and more than 100% of its mass by 6 h.
Additionally, the nanometric fibrillar structure, flexibility, and high aspect ratio of CF promote
the intertwining and entanglement of individual filaments and/or the formation of filament
networks, which can increase mixture viscosity and enhance its stability. Such effects on
mixture flow and rheology have also been observed in some polysaccharide viscosity-modifying
agents (VMAs) with a microbial source, such as welan gum (Khayat 1995). On the other hand,

Chapter 5: Effect of CF on properties of hardened concrete

227

whereas the addition of CF increased the viscosity, it was observed that mixtures with CF
exhibited higher air content. For the three tested CF dosages (0.1, 0.15, and 0.2%), the amount
of entrapped air was respectively 1.7, 2.8, and 3.2 times that of the reference paste. While this
entrapped air could contribute to attenuating the sharp rise in viscosity (Struble and Jiang 2004)
caused by CF, it may lead to adverse effects on mechanical performance.
Table 3. Fresh properties of paste mixtures.
Temperature Air content
Paste Mixture
(oC)
(%)
Ref.
0.1% CF
0.15% CF
0.2% CF

26.0
27.5
29.3
29.7

0.68
1.16
1.83
1.87
2.18

Slump flow diameter
V-Funnel passing
(mm)
time (s)
Before
After
3.50
160
330
13.21
100
290
25.42
90
270
42.13
85
240

Fig. 9. Rheological measurements of cement pastes.
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Isothermal Calorimetry
Heat evolutions in the different paste mixtures are depicted in Fig. 10. The figure reveals two
behaviors where the effect of CF varies from insignificant during the first 7 h to a relatively
slight increase in heat flow later. The figure also shows slightly higher and broader silicate
hydration peaks in the mixtures incorporating CF. This is further confirmed by the cumulative
heat release whereby the total released heat was slightly higher in all CF mixtures compared to
that of the reference mixture. The mixture with 0.15% CF, for instance, exhibited 7% higher
cumulative heat release than that of the reference mixture. Such a trend is common in
nanocellulose materials with high purity in cellulose and has been reported in a more
pronounced manner in cellulose-based polymers (Mishra et al. 2003), microcrystalline cellulose
(Hoyos et al. 2013), cellulose nanofibers (Onuaguluchi et al. 2014), cellulose nanocrystals (Cao
et al. 2015), and bacterial nanocellulose (Mohammadkazemi et al. 2015). The increased heat of
hydration observed in CF mixtures can be linked to the alkaline hydrolysis of cellulose, which
is an exothermic reaction that promotes cement hydration and leads to a sort of acceleration
(Knill and Kennedy 2003). This is further confirmed by the reduced setting time recorded in
CF-SCC mixtures investigated in parallel.

Fig. 10. Hydration heat flow and cumulative hydration heat release in paste mixtures.
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Autogenous Shrinkage
Table 4 presents some of the fresh and hardened properties for the pastes considered for
autogenous shrinkage. Results from the Vicat setting time indicate that mixtures with CF
exhibited some slight retardation. Referring to the aforementioned results of isothermal
calorimetry where mixtures with CF exhibited slightly higher heat release, the retardation
experienced herein may be attributable to the effect of HRWRA. While the increasing dosage
of HRWRA in pastes with CF enabled attaining the target slump flow diameter of 250±15 mm,
it may have been responsible for the observed retardation. Such effects are well reported for
increasing dosages of polycarboxylate-based HRWRAs (Zingg et al. 2009). Results of
autogenous shrinkage measurements showed that the incorporation of CF altered the early-age
deformations in the cementitious matrix. Fig. 11 shows that paste mixtures with CF exhibited
lower autogenous shrinkage at all ages. At 7 days, for instance, the reference paste recorded a
shrinkage strain of 366 με. This value was reduced to 340, 257, and 235 με when CF was
incorporated at dosages of 0.1, 0.15, and 0.2%, respectively. This corresponds to a reduction in
autogenous shrinkage strains of 8, 31, and 36% for the three respective CF addition rates. The
observed reduction in autogenous shrinkage deformations in pastes with CF may be associated
with an internal curing effect imparted by CF. The CF’s hydrophilic and hygroscopic features
(discussed earlier) can provide a sort of internal water reservoir. The latter regulates the matrix’s
internal moisture, which could have otherwise been destabilized by the water loss as cement
hydration proceeds. On the other hand, the extremely small size of CF coupled with the
omnipresence of hydroxyl groups on its surface may promote CF interactions with the
cementitious matrix such that CFs retain water and dispatch it to the matrix to partially replenish
the emptying cement pores. This reduces self-desiccation and attenuates early-age deformations,
in consequence. This is analogous to the well-reported effect of lightweight aggregates (LWA)
and superabsorbent polymers (SAP) on reducing shrinkage deformations in cementitious
systems. In this regard, conditional to adequate CF dosage and dispersion, the effectiveness of
CFs could be even better. This can be justified by the fact that when CF is used in this
perspective, its advantage is twofold. This is because the filaments, additional to their effect on
internal curing, may collaterally increase the matrix tensile capacity through filament bridging,
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fracture, or pullout. Evidence for this interpretation was found in the splitting-tensile strength
(fsp) tests conducted (parallel to the autogenous shrinkage measurements) at 1, 3, and 7 days.
Results from those tests indicated that while no effect of CF was noticed on the 1-day strength,
increases in fsp of 8 and 17% (relative to the reference) were recorded at 3 and 7 days,
respectively, in the mixture with 0.15% CF, for instance (Table 4).

Fig. 11. Early age deformations in paste mixtures

Table 4. Some fresh and hardened properties of paste mixtures studied for autogenous
shrinkage
Paste Mixture
Ref.
0.1% CF
0.15% CF
0.2% CF

Slump
(mm)

Vicat final settingtime (min)

265
255
245
240

418
431
439
442

Splitting tensile strength (MPa)
1 day

3 days

7 days

1.52
1.45
1.50
1.39

2.35
2.48
2.54
2.42

3.18
3.32
3.71
3.68
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Mechanical Properties
The compressive strength (fc) results for all paste mixtures are depicted in Fig. 12. The figure
indicates that in cement pastes, the addition of CF adversely affected fc under both curing
regimes (moist and sealed). Furthermore, the reduction in fc was exacerbated as CF
concentration increased. This can be traced to the air entrainment caused by the inclusion of CF
as indicated earlier. Such a reduction in fc was also reported for macrocellulose fibers owing to
the amount of entrapped air (Soroushian and Marikunte 1990). Also, the decrease in fc in paste
mixtures can be attributed to the increased likelihood of filament agglomeration (when CF
content increases) as supported by our microstructural analysis addressed in the next section. In
contrast to fc, the results of flexural strength (ffl) of cement pastes illustrated in Fig. 13 for both
curing regimes reveal that the addition of CF enhanced the flexural capacity—with higher
improvements obtained under the sealed curing condition. The reference mixture, for instance,
had comparable strengths under both curing regimes. CF mixtures, however, showed higher ffl
in sealed curing than in moist curing. For the three CF dosages (0.1, 0.15, and 0.2%), the
improvements in ffl under the moist curing condition were 10, 25, and 28%, respectively, relative
to reference. For the sealed curing, this corresponded to 19, 34, and 38%, respectively, relative
to the corresponding reference. These results suggest that the improvement in ffl can possibly be
linked to a combined effect of (1) CF acting as nanoreinforcement owing to CF’s fibrillar
morphology and (2) CF serving as an internal curing agent for its water affinity and
retention/release capacity. This can curtail self-desiccation, thereby leading to a volumetrically
stable matrix as supported by the autogenous shrinkage measurements. However, while internal
curing can contribute to explaining the increased ffl of dry-sealed CF specimens relative to that
of their reference, the reduced ffl measured in the moist condition for all specimens relative to
their counterparts in the dry condition suggests that another phenomenon may prevail. This is
because if internal curing alone dominates the increase in ffl in the sealed curing regime, it must
do so or even better in the moist curing regime (when water is supplied internally and
externally). In fact, the reduction of ffl in moist-cured specimens is attributable to the excessive
water saturation under this condition. Owing to the hygroscopic nature of CF, its moisture
content can considerably influence the mechanical properties of CF-cement composites. This is
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due to the well-reported effect of water saturation on reducing the ffl of cementitious matrices
incorporating natural fibers. Onuaguluchi and Banthia (2016), for instance, recorded an 18–51%
decrease in the ffl of natural fiber–cement systems subjected to water saturation. This reduction
is attributable to the deterioration of the interfibrillar hydrogen bonds as well the fiber-matrix
interfacial bonds. This softens the fibers and weakens their bonds with the matrix. As a result,
the fibers mainly fail in pullout (Coutts and Kightly 1984). The effect of moisture on the ffl of
cement systems with natural fibers has also been reported by El-Ashkar et al. (2007) who found
that natural fiber–cement mortars dried in an oven exhibited higher ffl than those cured in air or
in water.

Fig. 12. Compressive strength (fc) in pastes: (a) moist curing; (b) sealed curing

Fig. 13. Flexural strength (ffl) of paste mixtures at 28 days
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Microstructural Analysis
Microstructure investigations conducted using FEG-SEM on fresh fractured paste samples
revealed that CFs adhere well to the structure of the cementitious matrix. Fig. 14 shows several
CFs cemented into the CSH from one side and connected to parts of the matrix from another
side. The bottom of the figure also shows several CFs well integrated in the matrix while
bridging two parts of the hydrated system and interfering with matrix pores. The adherence of
CF in the matrix is further supported by the SEM image of Fig. 15. Moreover, Fig. 16 shows
few CFs with protruding ends, which may have been cut during specimen fracture. The figure
shows a filament in the middle with an indented cross section, which seems to support the
hygroscopic character of CF. The interaction of CFs with the hydrated system may contribute
to explaining the enhancement in mechanical properties, particularly fsp and ffl in CF-containing
cement systems—elaborated in the previous section. On the other hand, Fig. 17(a) shows some
spots in the mixture with 0.2% CF, where CF clumps were observed.
The high surface area of CF and its extremely small size render the dispersion a difficult task,
particularly as CF dosage increases. This consequently jeopardizes mechanical performance
(particularly in compression) and may result in the reduction in fc observed in paste mixtures.
Under compression, CF entanglements such as the ones depicted in Fig. 17(b) lead to increasing
the porous network, thereby reducing fc. However, this adverse effect may not be the same in
flexural loading, where pulling out the entangled filaments or fracturing them necessitates
additional energy. This builds up the matrix fracture resistance through the FRC mechanism.

Chapter 5: Effect of CF on properties of hardened concrete

Fig. 14. SEM image of a paste mixture with 0.1% CF.

Fig. 15. SEM image of a paste mixture with 0.15% CF
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Fig. 16. SEM image of a paste mixture with 0.2% CF.

Fig. 17. SEM image of a paste with 0.2% CF: (a) CF agglomeration spots; (b) CF
entanglements.
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Results and Discussion for Concrete Mixtures
Flow Properties and Rheology
The results of fresh properties of the tested SCC mixtures are presented in Table 5. Data in the
table indicate that the addition of CF significantly altered mixture workability. A reduction in
the flow diameter (slump and J-ring) of more than 50% relative to the reference mixture and a
significant increase in flow time (T500 and V-funnel times) were observed for CF additions of
0.15 and 0.2%. This reveals that CFs considerably altered mixture workability and viscosity.
This is also confirmed by rheological measurements, which show that the addition of CF
significantly increased the evolution of the shear stress (τ) versus shear rate (γ′) for all tested
SCC mixtures (Fig. 18). This is accompanied by a significant increase in the yield stress (τ0)
and plastic viscosity (μpl). For CF dosages of 0.1, 0.15, and 0.2%, the values of τ 0 were,
respectively, 2, 5, and 8 times greater than that of the reference mixture. This reflects the
increased stability and the consequent high energy necessary to start the flow when CFs are
used. Nonetheless, once the flow starts, the increments in μpl are relatively smaller, as Fig. 18
shows. The figure indicates increments in μpl of 1.5, 1.8, and 2.1 times that of the reference mix
for CF dosages of 0.1, 0.15, and 0.2%, respectively. These are, in fact, lower than the
corresponding aforementioned increments in τ 0. This indicates the reduced mixture resistance
to flow once the latter starts. The observed trend of a sharp increase in τ0 while μpl remained
relatively attenuated is often associated with high apparent viscosity (μapp) at low values of γ′,
but low μapp as γ′ increases. Such a behavior describes a high degree of pseudoplasticity (or shear
thinning behavior), which is an interesting feature in flowable concrete. This is because the
increased μapp at low values of γ′ contributes to maintaining mixture constituents in suspension
(hence more homogenous and stable mixtures). On the other hand, the attenuated μapp at high
values of γ′ facilitates pumping and consolidation (Ghio and Monteiro 1997). Such a rheological
response in mixtures with CF suggests that the high τ 0 is attributed to the hydrophilic nature of
CF, leading to moisture absorption, and to the high aspect ratio and flexibility of CFs, leading
to the creation of filament networks. This increases the viscosity buildup at low levels of γ′. At
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high levels of γ′, however, CF networks are more likely to be either pulverized or streamlined
in the direction of flow, thereby leading to the attenuated rise in viscosity.
Table 5. Fresh properties of SCC mixtures
Mix
Ref.
0.10%
0.15%
CF
0.20%
CF
CF

Slump flow

Air content,
%

Density, kg/m3

1.0
1.5
3.0
3.1

2315
2373
2316
2320

Diameter, mm

T500, s

785
538
320
305

1.83
5.12
-

J-Ring
Diameter,
mm
770
455
310
300

V-Funnel

Blockage
ratio
0.86
0.67
0.60
0.55

Fig. 18. Flow curves fitted to Bingham model for SCC mixtures

Mechanical Properties
Fig. 19 presents the results of the compressive strength (fc) of all concrete mixtures where the
influence of CF varies from no effect at 1 day, to a marginal effect at 7 days, and to a moderate
effect (up to 16% increase) at 28 days. It is observable that the trend of fc in concrete mixtures
is opposite to the decreasing trend noticed in cement pastes. This could be attributable to the
fact that the fine and coarse aggregates in concrete mixtures may have partially contributed to
increasing the shear mixing energy (imparted by only the mixer in the case of pastes). The effect
of aggregates and the overall gradation of mixture constituents on increasing the shear mixing

T (s)
2.13
5.34
14.75
20.34
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energy can favor disintegrating CF clumps and/or aligning them in the flow direction. This
promotes CF dispersion, which in turn, contributes to the improvement in fc. This is consistent
with the observations made in the previous section on CF-concrete mixtures exhibiting a high
degree of shear thinning behavior, where μapp was high at low values of γ′ (due to the propensity
of CF to water and to the formation of CF networks), but decreased with increasing γ′ (due to
the breakage of filament networks and/or alignment of individual fibrils in the direction of flow).
The shear thinning behavior imparted by CF increases the mixture’s ability to maintain its
variable-density constituents in suspension and reduces their inherent tendency to segregation.
This fosters mixture homogeneity and stability and enhances, in consequence, the properties of
the hardened product, including fc. While the decrease in the fc of pastes was attributed to the
air entrainment and poor dispersion of CF, the latter appears to be more influential because air
entrainment by CF was observed in paste and concrete mixtures alike. As such, the HRWRA
(used in concrete mixtures but not in pastes) may have positively affected the fc of concrete
mixtures in two ways: the first through dispersing CF, particularly when a suspension of CFwater-HRWRA was prepared and homogenized for that purpose prior to introduction to the
mixer, and the second through deflocculating cement flocks, thereby fostering cement
dispersion and increasing the degree of cement hydration.

Fig. 19. Compressive strength (fc) of SCC mixtures
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Fig. 20. Splitting-tensile strength (fsp) of SCC mixtures.

Fig. 21. Load-deflection response for SCC mixtures at 28 days.

Fig. 22. Energy absorption capacity of SCC mixtures.
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The effect of CFs on the mechanical properties of concrete is more pronounced in the splittingtensile strength (fsp) and flexural capacity (ffl), in which the filaments are more likely to be
solicited to serve as nanoreinforcements. Fig. 20 reveals increases in fsp of 11, 26, and 34%
(above the reference SCC) for the three respective CF dosages (0.1, 0.15, and 0.2%). These
observations are further supported by the results of ffl and the energy-absorption capacity
(toughness) depicted in Figs. 21 and 22, respectively. Results from the four-point flexural tests
(Fig. 21) indicate that the stiffness of all CF incorporating specimens was higher than that of the
reference and that the incorporation of CF at dosages of 0.1, 0.15, and 0.2% increased the loadcarrying capacity of the plain SCC by 9, 22, and 13%, respectively.
On the other hand, Figs. 21 and 22 indicate some toughening effects imparted by CF. The
reference specimen failed at a relatively lower load than all specimens containing CF, and the
drop in its load-carrying capacity was sharp, as expected. Specimens with CF, however,
sustained the peak load for some additional range of microdeflections prior to failure as
evidenced by the plateauing of the corresponding load-deflection responses. Consequently, the
energy-absorption capacity depicted in Fig. 22 shows that the addition of CF at dosages of 0.1,
0.15, and 0.2% enhanced the energy-absorption capacity of the reference specimen by 33, 68,
and 96%, respectively. It is observable that whereas the ffl reached a peak value at the CF dosage
of 0.15%, higher energy-absorption capacity was recorded at 0.2% CF. This suggests that, under
flexural loading, CFs can slightly influence the post-peak behavior by withstanding some tensile
stresses little beyond the ultimate load so as to partially enhance sustaining the peak load for
some extra microdeflections. Consequently, the enhanced energy-absorption capacity imparted
by CF was reflected by an increase in the peak displacement by up to 43% above the plain SCC.
The increased energy-absorption capacity and the resulting increased peak displacement with
higher CF dosage while the ffl was relatively low can be juxtaposed to what is often encountered
in FRC with macrofibers. In FRC with macrofibers, the flexural capacity (peak load or rupture
strength) is often sensitive to fc, whereas the pos-tpeak behavior, however, is rather influenced
by the strengthening and toughening effects imparted by the FRC mechanism (Altoubat et al.
2016). The strengthening and toughening effects in FRC are governed by fiber bridging, the
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fiber/matrix interfacial bond, and fiber pullout (Lin et al. 2009). These are known to consume
increasing fracture energy depending on fiber characteristics, particularly, length, tensile
capacity, bond with the matrix, and fiber count. In spite of the extended CF aspect ratio as
compared to other nanocellulose particles, the filaments are extremely short when compared to
the conventional fibers used in FRC. This alters the fracture behavior of CF-reinforced concrete
in contrast to conventional FRC. As such, in light of the results of the ffl and toughness presented
in Figs. 21 and 22, respectively, it is possible that the following scenarios prevail in the fracture
behavior in the tested SCC mixtures: Firstly, in the case of the SCC with 0.1% CF, for instance,
it can be perceived that once concrete is cracked, the insufficient CF length and fiber count fail
to transfer tensile stresses across the matrix microcracks. Consequently, the concrete composite
fractures. Secondly, in the specimen with 0.15% CF, it is possible that the slightly higher fiber
count allows the transfer of some tensile stresses across the microcracks before they become
macrocracks. This instantaneously delays the loss of the load-carrying capacity but cannot alter
its sharp drop once started. Finally, in the specimen with 0.2% CF, it can be perceived that the
relatively higher fiber count may have allowed the transfer of more tensile stresses across the
microcracked section. This results in the observed delayed failure (as more energy is required
to pull the filaments out from the cracked surfaces) and reflects the composite’s relatively
increased fracture resistance. Nonetheless, the toughening effect imparted by CF remains
restrained by the CFs’ size. While the filaments’ micrometric size may allow bridging
nano/microcracks, the formation of macrocracks causes an abrupt matrix rupture. As a result,
the degradation in the load-carrying capacity (once it starts) has never been gradual (in any CFcontaining specimen) as the typical behavior encountered in conventional FRC. Hence, a blend
of CF and macrofibers is expected to possibly result in a synergetic effect, such that both prepeak and post-peak behaviors are improved.
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Microstructural Analysis
The microstructure investigations of concrete mixtures are shown in Figs. 23–26. Fig. 23 shows
a mixture with 0.2% CF, exhibiting several CFs with their fibrillar morphology quite evident,
several protruding ends of CFs that may have been cut during sample fracturing, and a set of
traces of filament pullout. This indicates a potential underlying filament bridging/fracturing
mechanism contributing to enhancing the mechanical performance. On the other hand, Figs. 24–
26 show the presence of several CFs in the interfacial transition zone (ITZ) in the SCC mixtures
with 0.1, 0.15, and 0.2% CF, respectively. The ITZ is generally perceived to have lower
structural properties, much coarser pores, and easily cleavable highly soluble CH crystals
compared to the bulk cementitious matrix (Ollivier et al. 1995; Wang et al. 2009; Erdem et al.
2012). This is generally associated to the wall effect, in which the aggregates appear locally flat
relative to the cement grains, which disrupts cement packing (Scrivener et al. 2004), or to the
microbleeding effect that leads to the accumulation of mixture water beneath the aggregates
during consolidation (Goldman and Bentur 1992). This makes the ITZ the weakest link of the
microstructural system, where cracking initiates, and thus it has a phenomenal effect on the
mechanical and transport properties of concrete (Nemati et al. 1998; Wong et al. 2009). In this
regard, the addition of CFs appears to reinforce the ITZ, thereby contributing to the improved
mechanical properties. This could substantiate the enhancement in fsp and ffl in CF mixtures
elaborated earlier.
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Fig. 23. SEM image of a fractured SCC specimen 0.2% CF.

Fig. 24. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.1% CF.
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Fig. 25. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.15% CF.

Fig. 26. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.2% CF.
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Conclusions
This study investigated the influence of a new type of nanocellulose materials, namely cellulose
filaments, on the performance of cement and concrete systems. The effects of CF addition at 0,
0.1, 0.15, and 0.2% by weight on the properties of cement pastes and SCC mixtures were
examined. In paste systems, the mechanical properties were examined in a function of the curing
regime (moist versus sealed). The results indicated that CFs altered mixture rheology and
improved the stability of SCC mixtures owing to CF’s hydrophilicity coupled with its high
aspect ratio and flexibility. The improved mixture stability contributed to enhancement of the
hardened product. Results from the mechanical performance of cement pastes revealed that the
compressive strength was negatively affected. This was traceable to the air entrainment and the
formation of filament clumps as CF dosage increased. However, the flexural strength in all CF
paste mixtures was higher and improvement of up to 25% relative to the plain mixture was
recorded. In SCC mixtures, all mechanical properties were improved. Relative to the plain SCC,
strength improvement of up to 16% (in compression), 34% (in splitting tension), 22% (in
flexure), and 96% (in energy absorption) were recorded. The enhanced energy-absorption
capacity imparted by CF was reflected by an increase in the peak displacement by up to 43%
above the plain concrete mixture. This implies a higher strain capacity, which is attractive for
applications where structures are required to exhibit such behavior prior to failure, such as in
impact- and blast-resisting structures. The improved mechanical performance in paste and
concrete mixtures incorporating CF can be attributed to the following mechanisms:
•

An internal curing effect, in which CFs act as internal water reservoirs to attenuate selfdesiccation and reduce early-age deformations, thereby leading to improved strength.
This is supported by the results of the autogenous shrinkage assessment, in which the
addition of CF at 0.1, 0.15, and 0.2% reduced the autogenous shrinkage strains of the
plain system at 7 days by 8, 31, and 36%.

•

A nanoreinforcing effect, in which CFs were found to adhere to the structure of the
cementitious matrix and integrate with the hydrated system as supported by the
microstructural investigations. For SCC mixtures, the results showed that the CFs’
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nanoreinforcing effect is hybridized with a viscosity-modifying effect. In this case, the
CFs’ hydrophilicity and fibrillar morphology contributed to improving the mechanical
properties by enhancing mixture stability and homogeneity and improving the skeleton
of the hardened product, in consequence. CFs were also found to reinforce the interfacial
transition zone, thereby contributing to improvements in mechanical performance.

Acknowledgments
This project is jointly supported by a Cooperative Research and Development (CRD) grant
from the Natural Sciences and Engineering Research Council of Canada (NSERC), Canada
Vanier Graduate Scholarship (CGS) program award no: 360284, Kruger Biomaterials, Inc.
(QC, Canada), and Euclid Chemicals. The authors are grateful for the financial support from
all of these partners.

References
Altoubat, S., Ousmane, H., and Barakat, S. (2016). “Experimental study of in-plane shear
behaviour of fiber-reinforced concrete composite deck slabs.” J. Struct. Eng.,
10.1061/(ASCE)ST.1943-541X.0001413, 04015156.
Al-Turaif, H. A. (2013). “Relationship between tensile properties and film formation kinetics of
epoxy resin reinforced with nanofibrillated cellulose.” Prog. Org. Coat., 76(2–3), 477–481.
Ardanuy, M., Claramunt, J., García-Hortal, J. A., and Barra, M. (2011). “Fiber-matrix
interactions in cement mortar composites reinforced with cellulosic fibers.” Cellulose, 18(2),
281–289.
ASTM. (2011). “Standard test method for splitting tensile strength of cylindrical concrete
specimens.” ASTM C496/C496M-11, West Conshohocken, PA.
ASTM. (2013). “Standard test methods for time of setting of hydraulic cement by Vicat needle.”
ASTM C191-13, West Conshohocken, PA.
ASTM. (2014a). “Standard practice for mechanical mixing of hydraulic cement pastes and
mortars of plastic consistency.” ASTM C305-14, West Conshohocken, PA.

Chapter 5: Effect of CF on properties of hardened concrete

247

ASTM. (2014b). “Standard specification for flow table for use in tests of hydraulic cement.”
ASTM C230/C230M-14, West Conshohocken, PA.
ASTM. (2014c). “Standard test method for flexural strength of hydraulic cement mortars.”
ASTM C348-14, West Conshohocken, PA.
ASTM. (2014d). “Standard test method for length change of hardened hydraulic-cement mortar
and concrete.” ASTM C157/C157M-08, West Conshohocken, PA.
ASTM. (2014e). “Standard test method for passing ability of selfconsolidating concrete by Jring.” ASTM C1621/C1621M-14, West Conshohocken, PA.
ASTM. (2014f). “Standard test method for slump flow of self-consolidating concrete.” ASTM
C1611/C1611M-14, West Conshohocken, PA.
ASTM. (2015). “Standard test method for air content of hydraulic cement mortar.” ASTM
C185-15, West Conshohocken, PA.
ASTM. (2016a). “Standard specification for chemical admixtures for concrete.” ASTM
C494/C494M-16, West Conshohocken, PA.
ASTM. (2016b). “Standard test method for compressive strength of cylindrical concrete
specimens.” ASTM C39/C39M-16, West Conshohocken, PA.
ASTM. (2016c). “Standard test method for compressive strength of hydraulic cement mortars.”
ASTM C109/C109M-16, West Conshohocken, PA.
ASTM. (2016d). “Standard test method for flexural strength of concrete (using simple beam
with third-point loading).” ASTM C78/C78M-16, West Conshohocken, PA.
ASTM. (2017). “Standard test method for measurement of heat of hydration of hydraulic
cementitious materials using isothermal conduction calorimetry.” ASTM C1702-17, West
Conshohocken, PA.
Aziz, M. A., Paramasivam, P., and Lee, S. L. (1981). “Prospects for natural fibre reinforced
concretes in construction.” Int. J. Cem. Compos. Lightweight Concr., 3(2), 123–132.
Banthia, N., Moncef, A., Chokri, K., and Sheng, J. (1994). “Micro-fiber reinforced cement
composites: Uniaxial tensile response.” Can. J. Civ. Eng., 21(6), 999–1011.
Bingham, E. C., and Reiner, M. (1933). “The rheological properties of cement and cement–
mortar–stone.” Physics, 4(3), 88–96.

Chapter 5: Effect of CF on properties of hardened concrete

248

Boghossian, E., and Wegner, L. D. (2008). “Use of flax fibres to reduce plastic shrinkage
cracking in concrete.” Cem. Concr. Compos., 30(10), 929–937.
Boldizar, A., Klason, C., Kubat, J., Naslund, P., and Shah, P. (1987). “Prehydrolyzed cellulose
as reinforcing filler for thermoplastics.” Int. J. Polym. Mater., 11(4), 229–262.
Brinchi, L., Cotana, F., Fortunati, E., and Kenny, J. M. (2013). “Production of nanocrystalline
cellulose from lignocellulosic biomass: Technology and applications.” Carbohyd. Polym.,
94(1), 154–169.
Cao, Y., Zavaterri, P., Youngblood, J., Moon, R., and Weiss, J. (2015). “The influence of
cellulose nanocrystal additions on the performance of cement paste.” Cem. Concr. Compos.,
56, 73–83.
Chung, D. D. L. (2000). “Cement reinforced with short carbon fibers— A multifunctional
material.” Composites, Part B, 31(6–7), 511–526.
Coutts, R. S. P., and Kightly, P. (1984). “Bonding in wood fiber cement composites.” J. Mater.
Sci., 19(10), 3355–3359.
Dufresne, A., and Vignon, M. R. (1998). “Improvement of starch film performances using
cellulose microfibrils.” Macromolecules, 31(8), 2693–2696.
EFNARC (European Federation of National Associations Representing Producers and
Applicators of Specialist Building Products for Concrete) (2005). “Specification and
guidelines for self-consolidating concrete.” Surrey, U.K.
Eichhorn, S. J., et al. (2010). “Review: Current international research into cellulose nanofibres
and nanocomposites.” J. Mater. Sci., 45(1), 1–33.
El-Ashkar, N., Nanko, H., and Kurtis, K. (2007). “Effect of moisture state on mechanical
behavior and microstructure of pulp fiber-cement mortars.” J. Mater. Civ. Eng.,
10.1061/(ASCE)0899-1561(2007)19:8(691), 691–699.
Erdem, S., Dawson, A. R., and Thom, N. H. (2012). “Influence of the micro- and nanoscale
local mechanical properties of the interfacial transition zone on impact behavior of concrete
made with different aggregates.” Cem. Concr. Res., 42(2), 447–458.
Favier, V., Chanzy, H., and Cavaille, J. Y. (1995). “Polymer nanocomposites reinforced by
cellulose whiskers.” Macromolecules, 28(18), 6365–6367.

Chapter 5: Effect of CF on properties of hardened concrete

249

Ghio, V. A., and Monteiro, P. J. M. (1997). “Bond strength of reinforcing bars in reinforced
shotcrete.” ACI Mater. J., 94(2), 111–118.
Goldman, A., and Bentur, A. (1992). “Effects of pozzolanic and nonreactive micro fillers on the
transition zone in high-strength concretes.” Proc., RILEM Int. Conf. (Toulouse) on Interfaces
in Cementitious Composites, Vol. 18, E & FN Spon, London, 53–61.
Gomez Hoyos, C., Cristia, E., and Vázquez, C. A. (2013). “Effect of cellulose microcrystalline
particles on properties of cement-based composites.” Mater. Des., 51, 810–818.
Jennings, H. M., Bullard, J. W., Thomas, J. J., Andrade, J. E., Chen, J. J., and Scherer, G. W.
(2008). “Characterization and modeling of pores and surfaces in cement paste: Correlations
to processing and properties.” J. Adv. Concr. Technol., 6(1), 5–29.
Jongvisuttisun, P., Negrello, C., and Kurtis, K. E. (2013). “Effect of processing variables on
efficiency of eucalyptus pulps for internal curing.” Cem. Concr. Compos., 37, 126–135.
JSCE (Japan Society of Civil Engineering). (1984). “Method of the test for flexural strength and
flexural toughness of fibre-reinforced concrete.” JSCE-SF 4, Tokyo.
Kawashima, S., and Shah, S. P. (2011). “Early-age autogenous and drying shrinkage behavior
of cellulose fiber-reinforced cementitious materials.” Cem. Concr. Compos., 33(2), 201–208.
Khaloo, A. R., and Afshari, M. (2005). “Flexural behaviour of small steel fibre reinforced
concrete slabs.” Cem. Concr. Compos., 27(1), 141–149.
Khayat, K. H. (1995). “Effects of antiwashout admixtures on fresh concrete properties.” ACI
Mater. J., 92(2), 164–171.
Knill, C. J., and Kennedy, J. F. (2003). “Degradation of cellulose under alkaline conditions.”
Carbohyd. Polym., 51(3), 281–300.
Kosa, K., and Naaman, A. E. (1990). “Corrosion of steel fiber reinforced concrete.” ACI Mater.
J., 87(1), 27–37.
Lin, T., Jia, D., He, P., Wang, M., and Liang, D. (2009). “Effects of fiber length on mechanical
properties and fracture behavior of short carbon fiber reinforced geopolymer matrix
composites.” Mater. Sci. Eng. A, 497(1–2), 181–185.
MATLAB [Computer software]. MathWorks, Natick, MA.

Chapter 5: Effect of CF on properties of hardened concrete

250

Merta, I., and Tschegg, E. K. (2013). “Fracture energy of natural fibre reinforced concrete.”
Constr. Build. Mater., 40, 991–997.
Mishra, P. C., Singh, V. K., Narang, K. K., and Singh, N. K. (2003). “Effect of carboxymethylcellulose on the properties of cement.” Mater. Sci. Eng. A, 357(1–2), 13–19.
Mohammadkazemi, F., Doosthoseini, K., Ganjian, E., and Mehrdad, A. M. (2015).
“Manufacturing of bacterial nano-cellulose reinforced fibercement composites.” Constr.
Build. Mater., 101, 958–964.
Moon, R. J., Martini, A., Nairn, J., Simonsen, J., and Youngblood, J. (2011). “Cellulose
nanomaterials review: Structure, properties and nanocomposites.” Chem. Soc. Rev., 40(7),
3941–3994.
Morton, J. H., Cooke, T., and Akers, S. (2010). “Performance of slash pine fibers in fiber cement
products.” Constr. Build. Mater., 24(2), 165–170.
Nemati, K. M., Monterio, P. J. M., and Scrivener, K. L. (1998). “Analysis of compressive stress
induced cracks in concrete.” ACI Mater. J., 95(5), 617–630.
Ollivier, J. P., Maso, J. C., and Bourdette, B. (1995). “Interfacial transition zone in concrete.”
Adv. Cem. Based Mater., 2(1), 30–38.
Onuaguluchi, O., and Banthia, N. (2016). “Plant-based natural fibre reinforced cement
composites: A review.” Cem. Concr. Compos., 68, 96–108.
Onuaguluchi, O., Panesar, D., and Sain, M. (2014). “Properties of nanofibre reinforced cement
composites.” Constr. Build. Mater., 63, 119–124.
Peters, S. J., Rushing, T. S., Landis, E. N., and Cummins, T. K. (2010). “Nanocellulose and
microcellulose fibers for concrete.” Transp. Res. Rec., 2142, 25–28.
Romido, D., Toledo Filho, K. S., England George, L., and Ghavami, K. (2000). “Durability of
alkali-sensitive sisal and coconut fibres in cement mortar composites.” Cem. Concr.
Compos., 22(2), 127–143.
Rybin, V. A., Utkin, A. V., and Baklanova, N. I. (2016). “Corrosion of uncoated and oxidecoated basalt fibre in different alkaline media.” Corros. Sci., 102, 503–509.
Sanchez, F., and Sobolev, K. (2010). “Nanotechnology in concrete— A review.” Constr. Build.
Mater., 24(11), 2060–2071.

Chapter 5: Effect of CF on properties of hardened concrete

251

Scrivener, K. L., Crumbie, A. K., and Laugesen, P. (2004). “The interfacial transition zone (ITZ)
between the cement paste and aggregate in concrete.” Interface Sci., 12(4), 411–421.
Sedan, D., Pagnoux, C., Smith, A., and Chotard, T. (2008). “Mechanical properties of hemp
fibre reinforced cement: Influence of the fibre/ matrix interaction.” J. Eur. Ceram. Soc.,
28(1), 183–192.
Soroushian, P., and Marikunte, S. (1990). Reinforcement of cement-based materials with
cellulose fibers, thin-section fiber reinforced concrete and ferrocement, American Concrete
Institute, Detroit, 99–124.
Struble, J., and Jiang, Q. (2004). “Effects of air entrainment on rheology.” ACI Mater. J., 101(6),
448–456. Tazawa, E., and Miyazawa, S. (1995). “Experimental study on mechanism of
autogenous shrinkage of concrete.” Cem. Concr. Res., 25(8), 1633–1638.
Wang, X. H., Jacobsen, S., He, J. Y., Zhang, Z. L., and Lee, S. F. (2009). “Application of
nanoindentation testing to study of the interfacial transition zone in steel fiber reinforced
mortar.” Cem. Concr. Res., 39(8), 701–715.
Wong, H. S., Zobel, M., Buenfield, N. R., and Zimmerman, R. W. (2009). “Influence of the
interfacial transition zone and micro-cracking on the diffusivity, permeability and sorptivity
of cement-based materials after drying.” Mag. Concr. Res., 61(8), 571–589.
Zingg, A., et al. (2009). “Interaction of polycarboxylate-based superplasticizers with cements
containing different C3A amounts.” Cem. Concr. Compos., 31(3), 153–162.

Chapter 5: Effect of CF on properties of hardened concrete

252

List of figures
Fig. 1. Schematic of hierarchical structure of cellulose filaments (CFs)
Fig. 2. Cellulose filament (CF) (a) semi-dispersed, as received, and (b) suspensions
Fig. 3. SEM image of a dried diluted CF aqueous suspension with 0.1% CF: CF network
Fig. 4. SEM image of a dried diluted CF aqueous suspension with 0.1% CF: Individual fibrils
Fig. 5. Test set-up for autogenous shrinkage: (a) mold with an embedded vibrating-wire strain
gauge, and (b) specimens sealed with adhesive aluminum and connected to a data-acquisition
Fig. 6. Moisture content in CF. The figure shows the mass loss at 60 oC
Fig. 7. Water retention capacity of CF in function of the duration of saturation in water
Fig. 8. Water release rate of CF in function of the duration of exposure to a dry medium
Fig. 9. Rheological measurements of cement pastes
Fig. 10. Hydration heat flow and cumulative hydration heat release in paste mixtures
Fig. 11. Early age deformations in paste mixtures
Fig. 12. Compressive strength (fc) in pastes: (a) moist curing; (b) sealed curing
Fig. 13. Flexural strength (ffl) of paste mixtures at 28 days
Fig. 14. SEM image of a paste mixture with 0.1% CF
Fig. 15. SEM image of a paste mixture with 0.15% CF
Fig. 16. SEM image of a paste mixture with 0.2% CF
Fig. 17. SEM image of a paste with 0.2% CF: (a) CF agglomeration spots; (b) CF entanglements
Fig. 18. Flow curves fitted to Bingham model for SCC mixtures
Fig. 19. Compressive strength (fc) of SCC mixtures
Fig. 20. Splitting-tensile strength (fsp) of SCC mixtures
Fig. 21. Load-deflection response for SCC mixtures at 28 days
Fig. 22. Energy absorption capacity of SCC mixtures
Fig. 23. SEM image of a fractured SCC specimen 0.2% CF
Fig. 24. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.1% CF
Fig. 25. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.15% CF
Fig. 26. SEM image illustrating the presence of CFs in the ITZ in the SCC with 0.2% CF

Chapter 5: Effect of CF on properties of hardened concrete

253

List of tables
Table 1. Concrete mix proportions
Table 2. Mixing procedure
Table 3. Fresh properties of paste mixtures
Table 4. Some fresh and hardened properties of paste mixtures studied for autogenous shrinkage
Table 5. Fresh properties of SCC mixtures

Chapter 6: Effect of CF on Microstructure of Cement Systems

254

CHAPTER 6

Effect of Cellulose Filaments on Microstructure of
Cement Systems
6.1 Introduction
In light of the effect of cellulose filaments (CF) on enhancing the mechanical performance of
cement composites as demonstrated in Chapter 5, the present chapter is devoted to disclosing
microstructure-related mechanisms responsible for the increased strength in cement systems
incorporating CF. Thus, this chapter aims at fostering new understanding of the macroscale
mechanical performance with a top-down multiscale approach. The mechanical properties at
macroscale (i.e., compressive strength, flexural capacity, and elastic modulus) of cement pastes
incorporating CF at dosages of 0.0%, 0.05%, 0.10%, 0.20% and 0.30 wt% were investigated
and supplemented with microstructure assessment and micromechanical evaluation of main
microstructure phases. Microstructure assessment included the degree of hydration and analysis
of the microstructure and interaction of CF with the hydrated system. Evaluation of
micromechanical properties of major microstructure phases includes the hardness (H),
indentation modulus (M), and contact creep modulus (C). This was performed using
nanoindentation coupled with quantitative energy-dispersive spectroscopy (NI-QEDS).
In outcome, new insights (about the mechanisms contributing to the increased strength in
cement systems incorporating nanoscale CF) were provided. This includes: (i) an enhanced
degree of hydration (Dh) mobilized by the hydrophilic CF either providing supplementary water
to promote hydration and/or an enhanced degree of hydration fostered by the hygroscopic CF
providing water pathways to solubilize anhydrous grains. (ii) higher micromechanical properties
of in the C-S-H gel matrix possibly due to a stiffening effect offered by the nanoscale CF capable
of interacting with hydrates. Further details are provided below as part of Article 4 published
in the context of this research (Section 6.2).
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6.2 Article 4- Nanocellulose for improved concrete
performance: A macro-to-micro investigation for
disclosing the effects of cellulose filaments on strength of
cement systems

Article information
Authors and affiliations:
Ousmane A. Hisseine, PhD candidate and Canada Vanier Scholar of NSERC, Cement and
Concrete Research Group, Department of Civil Engineering, Université de Sherbrooke
William Wilson, Post-doctoral fellow, Construction Materials Laboratory, Ecole Polytechnique
de Lausanne
Luca Sorelli, Professor and director of Materials and Structures Laboratory, Dept. of Civil Eng.
and Water Eng., Université Laval, Canada
Balázs Tolnai, General Manager Technology, Kruger Inc.
A. Tagnit-Hamou, Professor and director of Cement and Concrete Research Group,
Department of Civil Engineering, Université de Sherbrooke
Article status: Published
Journal: Construction and Buildings Materials
Reference: Hisseine, O. A, Wilson, W., Sorelli, L., and Tagnit-Hamou, A. (2019a).
Nanocellulose for improved concrete performance: A macro-to-micro investigation for
disclosing the effects of cellulose filaments on strength of cement systems, Construction and
Building Materials, vol. 206: p. 84–96.
DOI: https://doi.org/10.1016/j.conbuildmat.2019.02.042
Titre français: Nanocellulose pour des bétons à performance améliorée : Étude multi échelle
(macro-à-micro) pour révéler les effets des filaments de cellulose sur la résistance des
composites cimentairesé
Contribution of this article: This article provides further understanding of sources of
enhanced mechanical performance obtained with CF in Chapter 5. Therefore, together with
Chapter 5, the current chapter contributes to realising the objective 4 of the thesis, namely:
exploiting the nanoreinforcing ability of CF to nanoengineer the strength properties of hardened
concrete (particularly, the elastic modulus, the flexural capacity, and toughness) and to disclose
the mechanism underpinning the way CF influences the strength of cement systems.

Chapter 6: Effect of CF on Microstructure of Cement Systems

256

Nanocellulose for improved concrete performance: A macro-to-micro
investigation for disclosing the effects of cellulose filaments on strength of
cement systems
Ousmane A.Hisseinea,b,* William Wilsonb,c, Luca Sorellid, Balázs Tolnaie, ArezkiTagnitHamoub
a

Vanier Scholar, Natural Sciences and Engineering Research Council of Canada (NSERC), Canada
Cement and Concrete Group, Dept. of Civil Eng., Université de Sherbrooke, Canada
c
Construction Materials Laboratory, École Polytechnique de Lausanne
d
Materials and Structures Laboratory, Dept. of Civil Eng. and Water Eng., Université Laval, Canada
e
Kruger Inc., 3285 Bedford Road, Montreal, Quebec H3S1G5, Canada
b

* Corresponding

author

Published in Construction and Building Materials (2019), Vol. 206, Issue 10, pp. 84-96

Abstract
To fulfill further eco-efficiency requirements, concrete technology practitioners are currently
challenged to provide concretes with tailored properties to meet sustainability and resilience
requirements for infrastructural systems. As such, nano-engineering concrete by incorporating
nanocellulose materials (NCM) can disclose new research directions for tailoring properties
necessary for sustainable cement composites. The current study investigates the performance of
cement systems incorporating cellulose filaments (CF) and aims at fostering new understanding
of the macroscale mechanical performance with a top-down multiscale approach. The study
investigates the mechanical performance (i.e., compressive strength, flexural capacity, and
elastic modulus) at macroscale of cement pastes incorporating CF at dosages of 0.0%, 0.05%,
0.10%, 0.20% and 0.30 wt.%. The findings are supplemented by microstructure investigations,
namely, degree of hydration and micromechanical properties (hardness, indentation modulus,
and contact creep modulus) of microstructure phases using nanoindentation coupled with
quantitative energy-dispersive spectroscopy (NI-QEDS). Results showed that CF incorporation
resulted into 15–25% enhancements in macro-mechanical properties with up to 74%
enhancement in flexural toughness. These enhancements are driven by a twofold microstructure
change, i.e.: increased degree of hydration (15%) and higher micromechanical properties of C-
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S-H matrix (~12–25%). CF is a promising nano-reinforcement for engineering cement
composites with superior mechanical performance, while promoting the development of
ecological construction materials.

Keywords: Cellulose filaments, Mechanical performance, Micromechanical properties,
Microstructure, Nanocellulose materials, Nanoindentation

1. Introduction
In the light of the Canadian policy for facing environmental changes, today’s concrete
technology faces an unprecedented push towards optimizing eco-efficient construction
materials. Over the last few years, nanotechnology has emerged as a breakthrough in concrete
technology exploring new frontiers for engineering multifunctional properties towards higher
eco-efficiency [1]. Thanks to nanotechnology enabling formulating nanomodified concrete;
whereby concrete microstructure can be tailored to achieve specific desirable properties [2].
Nanomodified concrete refers to a concrete obtained by incorporating nanometer objects to
engineer its nanostructure and control its macrobehavior in order to achieve tailored and
multifunctional cementitious composites with superior mechanical performance and durability
[1,3]. In this regard, it is largely believed that nanotechnology would elevate nanomodified
composites to replicate the features of natural systems improved until perfection during millions
of years. This is largely attributable to the complex hierarchical structure exhibited by natural
systems [4]. For instance, bones exhibit unique mechanical properties in terms of stiffness,
strength and lightweight [5]. Likewise, plants exhibit high tensile strength, and remarkable onaxis stiffness, elastic modulus, and toughness while remaining relatively lightweight through
their porous structure allowing for the complex fluid-mechanics and dynamics phenomena
associated with liquid transport [6]. The potential for nanotechnology to open new landscapes
in composite design to replicate natural systems shapes, in fact, a promising niche market in
concrete technology as identified by the RILEM TC 197-NCM report [7]. Major research areas
in nanomodification of concrete have so far mainly covered nanosilica (nSiO2) [8];
nanotitanium dioxide (nTiO2) [9, 10]; nanoclay [11]; carbon nanotubes (CNT) [12]; and carbon
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nanofibers (CNF) [1]. More recently, plant-based cellulosic materials of nano/micro dimensions
– referred to throughout this manuscript as nanocellulose materials (NCM) – have emerged as
highly promising multifunctional green materials for the development of next-generation highperformance biocomposites. The sustainability aspects of NCM stem from their
biodegradability, low toxicity, low environmental and health risks associated with their
production, and low production cost [13–15]. Typical NCM include cellulose nanocrystals
(CNC) [16]; microfibrillated cellulose (MFC) [13, 14]; nanofibrillated cellulose (NFC) [17, 18];
and cellulose filaments (CF) [19, 20]. Owing to their nanoscale size, fibril morphology, and
large surface area, NCM provide new means to engineer superior composite properties
necessary for versatile applications such as adhesives, polymer reinforcement, nanocomposites,
transparent flexible electronics, cosmetics, bio-based polymer composites, and cement products,
etc. [13, 16, 19–23]. The versatility of NCM is mainly driven by the highly functionalizable
cellulose polymers. It also sprouts from the remarkable nanoscale reinforcing potential of
cellulose chains forming highly ordered domains of nanoparticles [23]. In this context, Moon et
al. [13] drafted a comprehensive review on the significant opportunities in composite design
offered by the nanoscale NCM, which cannot be achieved by macroscale natural fibers (i.e., too
large to exhibit surface reactivity) or with molecular cellulose (i.e., too tiny to impart reinforcing
effect). The increased surface area of NCM allows intimate adherence with the host matrix
through chemical reactions driven by hydrogen bonging (not evident with macroscale natural
fibers), while conserving high transversal isotropic stiffness, which provides an effective
nanoscale reinforcement (not evident with molecular cellulose). NCM provide further
capabilities to overcome the drawbacks of cement composites reinforced with macroscale
natural fibers, such as the low elastic modulus [24], poor compatibility between fiber and matrix
[25], and inconsistency in fiber properties leading to variation in concrete quality and
performance [26]. Among existing NCM, CF represent the most recent cement additive with
promising applications in concrete technology.
CF are cellulosic fibrils with nanometric diameter (30– 400 nm) and micrometric length (100–
2000 mm). They have some similarities with MFC and NFC but exhibit the highest aspect
ratio
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(100–1000) among all currently available NCM. Detailed descriptions of properties of NCM are
well documented in open literature [13, 27, 28]. CF exhibit an intrinsic hydrophilic nature and
a hygroscopic character. The hydrophilicity of CF together with their tendency to form a
percolating network of filaments play a fundamental role in their viscosity modifying effect
[20]. On the other hand, the hygroscopicity of CF influences the internal curing effect observed
with CF [29]. CF have also a significant effect on the mechanical performance of cement
composites with flexural strength enhancements up to 25% [19]. As for concrete mechanical
properties, CF allow enhancements in strength of to up to 16% in compression, 22% in flexure,
34% in splitting tension, and 96% in energy absorption. Those enhancements were ascribed to
nanoreinforcing and internal curing effects imparted by CF [19, 20]. While such effects are
consistent with similar observations recorded with other nanomaterials such as CNC [16, 29]
and NFC [18, 31], a better understanding of the microstructure mechanisms governing the
mechanical performance is deemed necessary. To this end, it is hypothesized herein that the
enhanced mechanical properties observed at the macrolevel sprout from possible effects
imparted by the nanostructured CF at the microstructure level of the cementitious matrix. In
light of this hypothesis, the current study aims at disclosing the mechanisms underpinning the
effect of CF on mechanical performance of cement-based composites. The study presents a
novel top-down multi-scale investigation (from macro to micro) of the mechanical behavior of
cement systems incorporating CF at rates 0.0%, 0.05%, 0.10%, 0.20% and 0.30 wt.%. The study
assesses the influence of CF on the macrolevel mechanical performance, or engineering
properties (compressive strength, elastic modulus, and flexural capacity and toughness) of tested
cement systems as well as on the hydration kinetics and mechanical properties of the
microstructure phases using nanoindentation coupled with quantitative energy-dispersive
spectroscopy (NI-QEDS) method [32, 33]. Not to mention subject novelty, the current study
stands out to establish the link between mechanical performance at the engineering scale and
microstructure and mechanical properties of major microstructure phases. Research outcomes
are expected to substantiate the use of CF as a valuable tool for manipulating concrete properties
at the nano/micro scale to control its engineering behavior at the macroscale.
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This has the potential to lead to the development of high-performance nano-engineered concrete
products using greener materials for sustainable and resilient infrastructure systems

2. Experimental program
The following sections describe material properties and testing methods adopted to characterize
the effect of CF on five cement pastes with varying CF contents (0.0%, 0.05%, 0.10%, 0.20%
and 0.30 wt%).

2.1. Materials properties
General Use (GU) Portland cement (CSA A3001) [34] equivalent to Type I cement (ASTM
C1157) [35] was used in this study. The particle size distribution of this cement is shown in Fig.
1, while its physical properties and oxide-based chemical compositions by X-ray fluorescence
analysis are reported in Table 1. The CF used in this study were provided by Kruger
Biomaterials Inc. (Trois-Rivières, Québec, Canada). The filaments have a nanometric diameter
of 30–400 nm and a micrometric length of 100–2000 µm. This results into their significantly
high aspect ratio of about 100–1000 and their high surface area of more than 80 m2/g. According
to the supplier, the filaments were derived from FSC®-certified kraft wood pulp using only
virgin fibers to ensure optimum performance and consistent properties. Additional to the
intrinsic sustainability features of CF, the extraction process of this material follows a green
approach with a yield value of 100%. In fact, as per the supplier, the filaments were extracted
through a patented process that uses only mechanical energy and does not involve any chemical
or enzymatic treatment, nor does it produce effluent. In addition, the production facility is almost
entirely powered by renewable energy; thereby minimizing the carbon footprint of CF. The
above-mentioned extraction process of CF involves removal of matrix impurities such as lignin,
pectin, wax, and soluble sugars. As such, CF contains mainly cellulose (>95%) and a small
amount of hemicellulose (<5%). This is consistent with the two types of saccharides (glucose
and xylose) detected by liquid chromatography tests conducted on CF, where typically the
former is found in cellulose while the latter is found in hemicellulose. The filaments were
received from the supplier in a dispersed form (colloidal suspension with a nominal CF solid
content of 1.2%). The CF dispersion carried out by the supplier employed a high-energy
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disintegrator with a speed of 3000 rpm (for ∼15 min using water at 60 °C) following a procedure
adapted from the guidelines set by the Pulp and Paper Technical Association of Canada
(PAPTAC). Such CF suspensions were found to result into better composite properties as
compared to other dispersion approaches (e.g., high shear mixing for 60 s) adopted in our early
works [19, 20]. The as-received suspensions were diluted into water to prepare the CF
concentrations for the different cement paste mixtures. As a result, a major challenge in previous
works with CF, namely filament agglomerations that jeopardize CF effectiveness in paste
systems [19] has been relatively overcome herein by using readily dispersed CF suspensions.
Fig. 2(a) shows different CF suspensions, while Fig. 2(b) illustrates a field emission gunscanning electron microscopy (FEG-SEM) image of a dried CF diluted suspension with 0.10%
CF. With the hierarchical and multi-scale structure of cellulose (Fig. 3)–imparting inherent
mechanical properties to plant-based materials–coupled with the high surface area of CF, the
filaments have high potential to modify the mechanical performance of cement composites such
that a nanomodified concrete may be obtained (Fig. 4).

Fig. 1. Particle size distribution of GU cement used in this study
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Fig. 2. Cellulose filaments (CF): (a) CF-water suspensions for the different dosages tested in
this study, and (b) Scanning electron microscope (SEM) image of a suspension with
0.10% CF (reprinted from [19] with permission from ASCE).

Fig. 3. Schematic illustration of the hierarchical structure of cellulose. The figure depicts
cellulose as an intrinsic building block within a structured hierarchy (from the
molecular/atomic scale to the macro scale) imparting inherent strength to plant-based
systems.
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Fig. 4. Relationship between particle size and specific surface area as related to the
constituents of different classes of concrete (adapted from [1]).
Table 1. Chemical composition and physical properties of GU cement
Chemical composition
SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Na2O
K2O
Free lime
Loss-on-ignition
Insoluble residues
Blaine fineness (m2/kg)
Fineness, passing on 45 µm sieve (%)

% by mass
20.5
4.0
2.0
63.2
2.2
3.4
0.2
0.9
1.1
2.9
0.1
431
91
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2.2. Mixture proportions, sample preparation, curing, and testing
Table 2 presents the formulation of paste mixtures considered in this study. The water-to-cement
ratio (w/c) was kept constant at 0.30 for all mixtures. CF were added at concentrations of 0.0%,
0.05%, 0.10%, 0.20% and 0.30% by mass of cement. A polycarboxylate-based high-range water
reducing admixture (HRWRA) with 40% solid content was introduced at different dosages to
maintain a target mini-slump flow of approximately 250 ± 15 mm. The net water demand of
each mixture was determined after subtracting the amount of water brought by the CF-water
suspension (1.2% solid CF content) and the HRWRA (40% solid content). ASTM C305
guidelines [36] were followed in preparing the mixtures. For curing, fresh samples were covered
with plastic sheets (in an attempt to control evaporation) and kept at 50% relative humidity (RH)
and 23 °C for 24 h. After 24 ± 1 h, the samples were demoulded and transferred for storage in a
fog room at 100% RH and 22 °C temperature until the age of testing.
Fresh properties evaluated in this study include the temperature and slump-cone test following
a procedure adapted from ASTM C230 [37]. Tested mechanical properties include the
compressive strength on 50 × 50 × 50 mm cubes (according to ASTM C109 loading procedure)
[38], the flexural capacity on 50 × 100 × 400 mm prisms (width, depth, length) following a
procedure adapted from ASTM C78 [39], and the elastic modulus on 100 × 200 mm cylinders
(ASTM C469) [40].
At the microstructure level, thermogravimetric analyses (TGA) were conducted on hardened
paste samples at ages of 28 days to evaluate the effect of CF on the degree of hydration.
Additionally, the properties of the microstructure phases were further investigated using coupled
nanoindentation and quantitative energy dispersive spectroscopy (Fig. 5), following
experimental details and the deterministic approach described elsewhere [32, 33].
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Table 2. Mix design of pastes based on 1000 g of binder at w/c = 0.3
Component
GU cement
Net water *
CF (% dry extract)
HRWR (% dry extract)

Ref.
1000
289
0.00
0.75

0.05%
1000
CF
244
0.50
1.02

0.10% CF
1000
198
1.00
1.39

0.20% CF
1000
114
2.00
1.61

0.30% CF
1000
24
3.00
2.22

* N.B: The significant drop in net water demand (in mixtures with CF) is due to the
considerable amount of free water brought by the CF-water suspension.

Fig. 5. Illustration of the coupled nanoindentation and quantitative energy-dispersive spectroscopy
method (NI-QEDS), adapted from Wilson et al. [32].

3. Results and discussion
3.1. Fresh properties
Fig. 6 presents the variation of slump flow in tested paste mixtures and the corresponding
mixture demand in HRWRA. Results indicate that the incorporation of CF led to a remarkable
increase in HRWRA demand. To maintain the target slump of 250 ± 15 mm, the incorporation
of CF at rates of 0.05, 0.10, 0.20, and 0.30% increased the HRWRA demand by 1.4, 1.8, 2.1
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and 3.0 times, respectively, relative to the mixture without CF designated herein as reference
(Ref.). The trend for the HRWRA demand is consistent with our previous findings; whereby
fresh properties (including yield stress, plastic viscosity, and demand in HRWRA) undergo
sudden shift at a CF concentration of ∼0.12% where CF dosage reaches a percolation threshold
[20]. The percolation threshold, which refers to the minimum CF content necessary to form a
continuous network of percolating fibrils, marks noticeable changes in rheological properties as
observed herein. The above observations reflect the significant viscosity modifying effect
imparted by CF. The viscosity modifying effect of CF sprouts from the hydrophilic nature of
cellulose-based fibers emanating from the omnipresence of surface hydroxyl (OH−) groups [41].
The viscosity modifying effect of CF also originates from the flexible and nanometric fibrillar
structure of filaments leading to the creation of nanoscale fibril networks as elaborated
elsewhere [20]. In this regard, it is worth noting that the increased viscosity imparted by CF is
accompanied by a shear thinning behavior. In the latter, at increasing shear rates, CF networks
exhibit high likelihood to be either pulverized or streamlined in the direction of flow, thereby
attenuating the viscosity buildup [20]. This reduces mixture resistance to flow while enhancing
mixture stability and robustness.

Fig. 6. Effect of CF on slump flow and mixture demand in HRWR (CF=cellulose filaments in
% weight of cement content).
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3.2. Macroscale mechanical properties
3.2.1. Compressive strength
The compressive strength results depicted in Fig. 7 indicate that the effect of CF on compressive
strength varies with curing age. At one day, for instance, the mixtures with 0.05% and 0.10%
CF showed, respectively, 22% and 10% higher compressive strength. The mixture with 0.20%
CF showed comparable strength to that of the reference, while the mixture with 0.30% CF
showed a slightly lower (∼5%) compressive strength than that of the plain system. A more
significant effect of CF on compressive strength is observed at 7 and 28 days where all mixtures
with CF showed higher strength (with better effects noticed between CF contents of 0.05% and
0.10%). At 7 days, CF contents of 0.05% and 0.10% lead to increments in compressive strength
of 25% and 15%, respectively. CF contents of 0.20%, however, lead to a marginal increase
(∼5%) in strength; while at 0.30% CF, no gain in strength over the plain system was noticed.
The above trend of the effect CF on compressive strength is further confirmed by the 28-day
strength where mixtures with 0.05% and 0.10% CF showed strength improvement of 26% and
17%, respectively, while mixtures with 0.20% and 0.30% CF had less noticeable effects, yet
showed enhancement in strength (∼11%). The increased compressive strength in the presence
of CF may be correlated with the effect of nanocellulose on the hydration kinetics and on the
properties of hydrates. It is reported herein and elsewhere [16, 30] that the hydrophilic and
hygroscopic nanocellulose may allow dispatching supplementary water to the cementitious
matrix to foster the degree of hydration, thereby enhancing the mechanical performance. This
effect is, however, not evident at early ages where increased content of nanocellulose may create
a viscous suspension interfering with cement solubilisation [18].
In contrast to the dispersion techniques attempted in our previous works (high-shear mixing for
60 s), where the compressive strength of pastes was negatively affected [19], the herein
presented results obtained using a readily dispersed CF suspension (∼15 min of high shear
mixing using water at 60 °C) substantiate the effect of CF dispersion on composite strength. The
effect of CF dispersion may also explain the higher improvement in compressive strength
obtained at lower CF concentrations (0.05% and 0.10%) where filaments dispersion is more
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likely to be effective. At higher CF dosages (0.20% and 0.30%), the increased CF surface area
may lead to filament entanglements, thereby adversely affecting the porous network and
jeopardizing mechanical performance including the compressive strength [19].

Fig. 7. Evolution of compressive strength (fc) in tested paste mixtures (CF=cellulose filaments
in % weight of cement content).

3.2.2. Elastic modulus
Fig. 8 presents the measurements of elastic modulus (E) at 28 days for the different mixtures
considered in this study. Results show that compared to the elastic modulus of plain systems of
18.7 GPa, the incorporation of CF at content 0.05, 0.10, 0.20, and 0.30% resulted into elastic
moduli of 22.0, 21.3, 21.1, and 19.0 GPa, respectively. This corresponds to enhancements in the
elastic modulus of 18, 14, 6, and 2%, respectively. The highest effects occur once again at lower
CF dosages where dispersion (and hence CF effectiveness) is believed to be more prominent.
The above observed enhancement in elastic modulus hints that the filaments may have altered
the material behavior of the cement paste. This can be contrasted to macroscale fibers, which
rather influence the composite behavior and are often beneficial only beyond the elastic limit
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where matrix contribution declines and fiber contribution is mobilized by FRC mechanism [42].
In the light of the above enhancements in the elastic modulus in systems with CF, it is
perceivable that CF has the potential to increase the matrix-governed first cracking strength.
The CF effect on the elastic modulus can be traced down to the microstructure changes of the
cement paste owing to: (i) the higher elastic modulus of the crystalline portion of cellulose
nanomaterials approaching 138 GPa [43]; and (ii) the high surface area and omnipresence of
surface hydroxyl (OH−) groups [41] in cellulose nanomaterials leading to surface reactivity and
interactions with hydrates containing hydrogen in their structure, namely C-S-H and CH [44].
In this regard, Cao et al. [16] indicated that the use cellulose nanocrystals (CNC) increases the
stiffness of high-density calcium-silicate-hydrate (C-S-H) surrounding unhydrated cement
particles. Similarly, Flores et al. [30] reported that the incorporation of CNC results into larger
volume fraction of high-density C-S-H and a smaller volume fraction of low-density C-S-H.
These effects may also influence the micromechanical properties and have direct implications
on mechanical performance as to be further examined through microstructure investigations in
Section 3.3.2. The increase in elastic modulus in mixtures with CF reveals that there is an
opportunity with nanoscale fibers to engineer cementitious composites with higher elastic
modulus while maintaining the same water-to-powder ratio. This provides a novel and greener
tool for designing concretes with higher elastic modulus necessary for high-rise reinforcedconcrete structures. This represents a sustainable alternative option to the conventional means
for improving the elastic modulus such as increasing the cement content [45], increasing mixture
content in fine powders such as silica fume [29], and using stiffer aggregates [46].
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Fig. 8. Elastic modulus (E) of tested cement pastes (CF=cellulose filaments in %
weight of cement).

3.2.3. Flexural capacity and toughness
Figs. 9 and 10 present the results of flexural capacity and toughness, respectively. The results
indicate that all mixtures with CF exhibit a higher load carrying capacity and an enhanced
toughness (or energy absorption capacity, which is measured as the area under the load
deflection curve of flexural testing). The reference paste had a flexural capacity of 4.84 MPa,
while for CF contents of 0.05, 0.10, 0.20 and 0.30%, the flexural capacities reached 5.62, 5.75,
5.84, and 5.81 MPa, respectively. This corresponds to flexural capacity enhancements of 16, 19,
21, and 20%, respectively, relative to the plain system. On the other hand, the energy absorption
capacity of the plain system was 222 N.mm while for CF contents of 0.05, 0.10, 0.20 and 0.30%,
the respective energy absorption capacities reached 277, 318, 375, and 386 N.mm. This is
equivalent to increases in energy absorption capacity of 25, 43, 69, and 74%, respectively,
relative to the plain system. The above results indicate that the flexural capacity and toughness
of cement systems with CF exhibit opposing trends. For flexural capacity, the most noticeable
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effect of CF appears at the minimum CF content of 0.05%, then for subsequent CF dosages
(0.10, 0.20, and 0.30%); the incremental effects are relatively limited. On the other hand, the
flexural toughness showed an increasing trend for all CF dosages. As a result, the enchainment
in the matrix toughness appears far more important than that on the tensile flexural capacity.
The above results reveal that the effect of CF on flexural capacity is twofold: (i) an increased
first peak strength (rupture strength) associated with the nanometric properties of CF. This alters
the properties of the cement paste matrix at the microstructure level (as further discussed
afterwards). (ii) An enhanced toughness associated with the high aspect ratio and the tensile
strength of CF, which contribute towards maintaining the peak load for a prolonged range of
micro deflections prior to failure, thereby increasing the cracking resistance. The observed effect
of CF on composite fracture behavior is driven by the contribution of the filaments as a
nanoreinforcement. Possible mechanisms involved in CF effect on composite fracture behavior
may include: (i) filament bridging capacity driven by their high aspect ratio and fibrillated
morphology, (ii) filament resistance to rupturing owing to their tensile properties, and (iii) the
filament-matrix interfacial bond stemming for the potential interaction between the omnipresent
OH– groups on CF surface and cement hydrates by hydrogen bonding. In this mechanism,
irrespective of the effect CF on peak flexural capacity, the high probability of the fibers
intercepting microcracks may play a favorable role in delaying the matrix fracture. The above
observations are consistent with previous findings on concrete mixtures [19, 20] and those
observed with Kraft pulp fibres (e.g. abaca [47]; sisal [48]; bamboo fibers [49]; and softwood
[50]) where the increase in flexural strength reaches a threshold at quite low fiber contents,
while the flexural toughness enhancement increases continuously with increasing fiber volume
content.
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Fig. 9. Flexural capacity (ffl) of tested pastes (CF=cellulose filaments in % weight of cement).

Fig. 10. Energy absorption capacity (CF=cellulose filaments in % weight of cement).
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3.3. Microstructural properties
For a better understanding of the origin of CF effect on mechanical performance, the cement
paste systems analyzed for macro-mechanical properties were further investigated for their
degree of hydration and chemo-mechanical properties of the major phases composing the
microstructure.

3.3.1. Degree of hydration
Results of thermogravimetric analysis (TGA) measurements at the ages of 7 and 28 days are
depicted in Fig. 11 and Fig. 12, respectively. Both figures indicate that while the initial sample
weight (Wi) was constant across all mixtures, reduced final weight (Wf) were recorded in all
mixtures containing CF. This resulted into higher weight loss difference (ΔWloss) in mixtures
with CF than in the reference mixture. The increased ΔWloss exhibited in mixtures with CF
suggests that higher amount of water may have reacted with the cementitious matrix in the
presence of CF. To further examine this trend, it was deemed necessary to evaluate the influence
of different CF concentrations on the degree of hydration (Dh). The latter was assessed through
the chemically bound water (CBw) determined from ΔWloss between the temperatures of 105 and
1000 °C [51]. In this regard, while some relatively small portions of CBw may be lost from some
hydrates (particularly C-S-H, ettringite, and monosulfate) at temperatures below 105 °C [52],
this portion of CBw was not considered in the current analysis for simplicity. On the other hand,
considering that the temperature interval corresponding to decarbonation (CO loss) overlaps with
that used to determine the CBw, the weight loss was corrected by reducing the CO loss (∼1.5–2%
of total weight loss), which corresponds to ΔWloss between the temperatures of 600 and 780 °C
[53]. The CBw was obtained by dividing the corrected weight loss by the final sample weight
(Wf) as presented in Eq. (1). Finally, to obtain the degree of hydration (Dh), the CBw was
normalized to its maximum value (𝐶𝐵∞ ), which corresponds (for Type I Portland cement) to
0.23 g per g of final of weight, (Wf ) [54] as shown in Eq. (2).
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𝐶𝐵𝑤 =

𝛥𝑊𝑙𝑜𝑠𝑠 − 𝐶𝑂𝑙𝑜𝑠𝑠
𝑊𝑓
𝐶𝐵

𝐷ℎ = 𝐶𝐵𝑤

∞

(1)
(2)

Fig. 11. Thermogravimetric analysis (TGA) at 7 days for the different pastes systems

Fig. 12. Thermogravimetric analysis (TGA) at 28 days for the different pastes
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The results of Dh thus obtained are plotted in Fig. 13 for the different paste systems. The figure
indicates that at 7 days, CF contents of 0.05 and 0.10% enhanced the Dh by 12 and 9%,
respectively, while CF contents of 0.20 and 0.30% showed no noticeable effects. At 28 days,
however, all CF concentration recorded higher degree of hydration than the plain system. The
CF contents of 0.05, 0.10, 0.20 and 0.30% resulted in increments in degree of hydration of 15,
13, 5, and 6%, respectively. The incorporation of CF (at all concentrations) appears to improve
the Dh with seemingly more pronounced effect at lower CF concentrations (between 0.05% and
0.10%) possibly due to the dispersion efficiency at low CF concentrations. The higher Dh
recorded in systems with CF can be linked with the potential of the hydrophilic and hygroscopic
CF to provide a supplementary source of water to promote the solubilisation of more anhydrous
cement grains. Such additional water was reported elsewhere to attenuate autogenous shrinkage
at 7 days in systems with a w/c = 0.35 by up to 36% at a CF content of 0.15% [19].

Fig. 13. Degree of hydration (Dh) of the cement in the investigated cement pastes
(CF=cellulose filaments in % weight of cement content).
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On the other hand, the above results on the effect of CF on the degree hydration can be
reconciled with the general trend of the effect of nanocellulose materials (NCM) on hydration
kinetics (particularly heat of hydration). Calorimetry tests conducted on cement pastes revealed
that CF increases both the silicate hydration peak and the sulfate-depletion peak, thereby leading
to higher cumulative heat release [19, 20]. This trend was reported in a more pronounced manner
in cement systems incorporating microcrystalline cellulose (MCC) [44], cellulose nanocrystals
(CNC) [16], bacterial cellulose (BC) [55], and cellulose-based polymers [56].
However, it should be elucidated that the above reported effect of cellulose nanomaterials on
heat of hydration is more likely to be associated with the alkaline hydrolysis of cellulose
whereby the exothermic alkaline hydrolysis reaction of cellulose (producing organic acids and
non-acidic products) promotes cement hydration [57].
Therefore, the net effect of cellulose nanomaterials on hydration kinetics is primarily contingent
to the product of cellulose alkaline hydrolysis [58]. As such, Onuaguluchi et al. [18] indicated
that cellulose nanofibers showed some retardation effect at first few hours (due to the viscous
nanocellulose suspension impeding the solubilisation of cement active phases) but lead to higher
heat release at later ages (due to water release from nanocellulose). Cao et al. [16] reported slight
retardation, but overall higher heat release with CNC when the latter was used in Type V cement
(low C3A) owing to the adherence of CNCs to unhydrated cement particles. Tongfei et al. [59]
reported less retardation effects with CNC (compared to that of CaO et al. [16]) when Type I/II
cement was used owing to the higher content in C3A with a possibly higher propensity for
adsorbing CNC. On the other hand, they showed that both CNC source and the cement type
could significantly influence the hydration kinetics.

3.3.2. Chemo-mechanical properties of the microstructure phases
Fig. 14 and Fig. 15 show composite chemical mappings of surfaces from the reference cement
paste and the paste incorporating 0.05% CF, respectively. The composite chemical mappings
were obtained by a multilayer combination of single elemental mappings (Si in red, Ca in blue,
Al in green and Fe in grey). Both figures show a dense microstructure with significant amounts
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of anhydrous clinker grains (bluish-purple and purple grains of anhydrous alite and belite; bright
cyan grains of anhydrous aluminate and ferrite), which could be expected due to the low waterto-cement ratio (w/c) and the degree of hydration presented earlier. The hydrates include
Portlandite (in blue), Al-rich hydrates (e.g., AFm and AFt phases in greyish green), and the
dark-purple C-(A)-S-H matrix which embeds the other phases. Interestingly, very similar
chemical mappings were obtained for the reference system without CF (Fig. 14) and the system
with 0.05% CF (Fig. 16).
Fig. 14 and Fig. 15 also show grid of markers representing the indented microvolumes
investigated by the novel technique NI-QEDS which couples nanoindentation and quantitative
energy-dispersive spectroscopy. Data points occurring on “pure” single phases were identified
using the deterministic approach presented in Wilson et al. [32]. Thus, the markers , , and
indicates data points with chemistry close to that of “pure” alite, belite, and Portlandite,
respectively. The marker represents the relatively rare occurrence of data points inside the thin
C-S-H regions in-between the anhydrous grains and having the “purest” C-S-H composition. In
addition, Table 3 compares the two systems in terms of micromechanical properties (indentation
modulus M, indentation hardness H, and contact creep modulus C) obtained for the 4 main
phases characterized with the NI-QEDS deterministic approach (each with n datapoints). As
expected, the anhydrous clinker phases show similar properties in both systems.
The average M and H values for C-S-H in the reference system are in general agreement with
the values obtained for several systems with supplementary cementitious materials in previous
work, i.e., M ∼25–27 GPa and H ∼0.7–0.8 GPa [33]. However, higher average values of
M = 29.2 GPa and H = 0.98 GPa were obtained for the system incorporating 0.05% CF. Thus,
the properties of the C-S-H itself appear to be enhanced in the presence of CF (by ∼12–25%).
This effect could be attributed to both a higher degree of hydration and CF reinforcing the C-SH matrix (or assemblage). Interestingly, the higher modulus and hardness of the C-S-H matrix
with 0.05% CF is in good agreement with the gains previously observed at the macro scale.
Moreover, a higher microscale contact creep modulus C of the C-S-H matrix was observed for
the system with 0.05% CF (i.e., the creep of the CF reinforced C-S-H matrix was lower). This
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result suggests that the increased ductility of the system at the macroscale depends on a greater
micro-scale capacity of the C-S-H to deform upon sustained loading. Thus, other mechanisms
such as micro-crack bridging by the filaments themselves may prevail and should be considered
for further investigation. The above observation confirms the earlier interpretation that the effect
of the filaments on delaying matrix fracture and increasing its energy absorption capacity stems
from the contribution of the filaments to enhancing the matrix fracture capacity by FRC
mechanism leading to plateauing of load-deflection response prior to failure.

Table 3. Comparison of the reference paste and the paste with 0.05% CF, in terms of
micromechanical properties (indentation modulus M, indentation hardness H, and
contact creep modulus C, as obtained from n data points deterministically selected with
the NI-QEDS method).
Ref.

0.05% CF

M (GPa)

H (GPa)

C (GPa)

n

M (GPa)

H (GPa)

C (GPa)

n

Alite

108±17

10.4±1.6

8840±3009

52

107±17

10.7±1.6

7668±1448

45

Belite

117±13

8.8±1.0

5037±3289

16

111±19

9.2±2.0

4922±2778

19

C-S-H

26.1±3.4

0.78±0.17

146±34

35

29.2±3.5

0.98±0.20

175±31

35

–

–

–

–

44.2±7.3

1.82±0.41

748±517

4

CH
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Fig. 14. Composite mapping of the investigated region of interest for the reference system.
The mappings represent multilayer combinations of four elemental mappings (Si in
red, Ca in blue, Al in green and Fe in grey), and the light grey markers represent the
grid of microvolumes chemo-mechanically investigated.

Fig. 15. Composite mapping of the investigated region of interest for the system with 0.05%
CF. The mappings represent multilayer combinations of four elemental mappings (Si
in red, Ca in blue, Al in green and Fe in grey), and the light grey markers represent the
grid of microvolumes chemo-mechanically investigated.
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3.3.3. Microstructure evaluation
Fig. 16, Fig. 17, Fig. 18 present SEM micrographs for typical cement pastes incorporating
cellulose filaments (CF). Fig. 16 shows the microstructure of a paste with 0.05% CF. Even with
such a low CF content, CF appears omnipresent in the form of several needle-like fibrillary
particles. Several CF can be observed bridging cracks while some CF can be observed cemented
in the hydrated system. Those observations are further confirmed by the micrograph of Fig. 17
for the paste mixture with 0.10% CF. Fig. 17(a), for instance, shows a myriad of protruding
filaments with one end embedded in the matrix and the pulled-out end standing free. On the
other hand, Fig. 17(b) shows a set of well-identified circular cavities in the matrix corresponding
to traces of filaments, which may have been pulled-out from the matrix during fracturing the
test sample. Furthermore, Fig. 18(a) for the paste mixture with 0.30% CF illustrates the
interaction between the filaments and the hydrated system as the figure shows the germination
of hydration products on CF surface. The growth of hydrates on CF surface may support the
surface reactivity of CF driven by the omnipresence of OH− groups. Nonetheless, at increasing
CF content, the dispersion of CF clusters such the ones on Fig. 18(b) is not evident, and thus
may jeopardize CF effectiveness. This is in consistence with the macroscale mechanical
performance which were higher at lower CF dosages (0.05 and 0.10% CF). In light of the above
observations on the microstructure of cement pastes incorporating CF, it is possible to explain
the effect of CF on the fracture mechanism of tested cement pastes by the well-established fiberreinforced concrete (FRC) mechanism which involves fiber rupture, fiber pull out, fiber birding,
fiber/matrix debonding, and matrix cracking [60]. Some of the filaments on Fig. 16 crossing the
matrix correspond to fiber-bridging which interfere with crack growth. Similarly, some of the
CF protruding ends of Fig. 17(a) may correspond to CF fracturing at situations when the rupture
energy exceeds the tensile capacity of the filaments. On the other hand, the pulled-out filaments
and the traces of pulled-out CF observed in Fig. 17(b) imply the increasing fracture energy
involved in deteriorating the filament/matrix interfacial zone where both chemical and frictional
bond may prevail. The above different mechanisms contribute to increasing the resistance of the
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bulk matrix to fracturing and thus contributes to substantiating the mechanical properties
observed at macro scale (particularly flexural capacity and toughness).

Fig. 16. Scanning electron microscopy (SEM) image of a paste mixture with 0.05% CF. The
image shows the omnipresence of CF, and their bridging effect.
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Fig. 17. Scanning electron microscopy (SEM) image of a paste mixture with 0.10% CF: (a)
Typical CF pull-out observed on fresh fractured surface, and (b) Traces of pulled-out
CF during fracturing the sample.

Fig. 18. Scanning electron microscopy (SEM) image of a paste mixture with 0.30% CF: (a)
Interaction of CF with hydration products; the figure shows the growth of hydration
products on the periphery of CF, and (b) A spot Cellulose filament clusters observed
at increasing CF content.
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4. Aspects for further consideration
The focus of the current study is to disclose the mechanisms underlying the strengthening effect
of CF in cement systems. While overall results demonstrate the potential of CF to allow nanoengineering the properties of cement composites, two common concerns (with the use of all
nanocellulose materials (NCM)) remain in suspension: (i) the potential risk hazards to human
life posed by the inhalation of NCM and, (ii) the long-term performance of NCM in the corrosive
alkaline medium of cement.
•

Potential health risks associated with NCM pertain to their nanometric dimensions
rendering them susceptible for inhalation. This implies the necessity to highlight the
potential human health risks associated with exposure to NCM in the form of respirable
nanofibers during production or as a final product [61, 62, 63]. While few studies stress
on health hazards from all high-aspect-ratio nanoparticles (HARN) including carbon
nanotubes (CNT), carbon nanofibers (CNF), and NCM [64, 65, 66], other researchers
prove that the aspect ratio is not the unique parameter involved in the toxicology of
fibers. Rather, the biopersistence of a given fiber represents by far an influential factor
governing the biological response following chronic exposure [63, 67, 68]. Fiber
biopersistence refers to the solubility of the fiber in the lung, and the biological ability
of the lung to get rid of it definitively. In this context, an in-vivo study conducted by
Warheit et al. [69] involving a 2-week inhalation period, showed no significant
pulmonary effects 3 months post exposure to microcellulose. Furthermore, a research
(on the ecotoxicological impact of CNC derived from kraft pulp) examined the impact
of realistic exposure scenarios (suspension experiments with CNC dosage of 0.03–
10 g/L that were based on the potential effluent in the vicinity of a CNC production site)
on aquatic organisms from all trophic levels (from bacteria, algae, and crustacean, to
fish). Considering all these organisms, the study investigated the acute lethality
(LC50 = the lethal concentration that reduces the biological system population to 50%
viability), reproduction, growth, morphology, embryo development and cytotoxicity (the
degree to which a substance is toxic to living cells). In outcome, the study summarized
the results as “non-concerning” [70]. Further aspects pertaining to the potential health
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hazards of NCM can be found in Endes et al.’s comprehensive review [63]. The latter
summarizes that available data in acute exposure scenarios indicate that NCM have far
less risk (to human health and environment) than do other HARN commonly used in
similar application such as CNT and CNF. While most NCM are currently supplied in
water suspensions (reducing the risk of inhalation), this form poses transportation issues.
Consequently, recently NCM are also supplied in freeze-dried re-dispersible form. With
this, as with any other nanomaterials, extended exposure should be avoided, and personal
protection measures should be adopted.
•

The second concern about the use of NCM in cement composites is the long-term
performance. This concern is particularly mobilized by the potential vulnerability of
NCM in the alkaline medium of cement, in analogy to macroscale vegetable fibers.
Existing literature ascribes the degradation of macroscale vegetable fibers to the
formation of Portlandite (from the cement hydration) inside fiber lumen (the on-axis
fiber cavity). This leads to fiber mineralization and subsequent embrittlement [71, 72].
Wei and Meyer [73] suggested that macroscale vegetable fibers degrade in a given
sequence where the dissolution of lignin (highly unstable to the increasing pH of cement)
is the driving force. The degradation of lignin (serving as a strap for binding cellulose
bundles) decreases the integrity and stability of the cell wall of natural fibers. As a result,
there remains no binding force between individual cellulose microfibrils. The scenario
is, though, quite different with NCM. The latter being obtained by delignification
(removal of lignin and other degradable compounds such as pectin, wax, and soluble
sugars using also high pH medium), then the vulnerability of lignin to the high alkalinity
of cement pore solution shouldn’t be a concern. Furthermore, NCM being obtained by
axially peeling individual microfibrils, then most probably, there shouldn’t be such a
concern as fiber lumen where Portlandite would be deposited and lead to fiber
mineralization and the consequent embrittlement. In the context of the current project,
mechanical properties of ultra-high-performance concrete measured up to 90 days
(under laboratory conditions) showed no reduction in strength [29]. Ardanuy et al. [74]
evaluated the durability of cement mortars with nanofibrillated cellulose (NFC), (as
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compared to mortars reinforced with conventional microscale cellulose fibres from sisal
pulp) to withstand accelerated aging (by means of exposure to repeated wet-dry cycles).
They found that, tough no significant improvement in durability was found in mortars
prepared with NFC, no loss in overall mechanical performance was noticed after 5 wetdry cycles. Rather, NFC-reinforced mortars exhibited significantly higher flexural
capacity and flexural modulus, but slightly lower fracture energy as compared to mortars
reinforced with conventional sisal fibers. Furthermore, Claramunt et al. [75] investigated
the mechanical performance of NFC-reinforced cement mortars subjected to 20 wet-dry
cycles as compared to cement mortars with sisal pulp. They reported that sisal-pulpreinforced-mortars exhibited reduction in mechanical performance due to fiberdebonding from matrix and fiber mineralization none of which was observed in NFCreinforced mortars. Thus, the latter recorded significant enhancement in durability,
flexural capacity, and flexural modulus. While those scant studies on the durability of
NCM clear some of the concerns about the long-term performance of NCM in cement
composites, the topic remains relatively new and calls for imminent further research.

5. Conclusions
This paper presented a multiscale top-down assessment of mechanical properties of cement
pastes incorporating cellulose filaments (CF) (from 0.05% to 0.30% by mass of cement).
Cement pastes with a water-to-cement ratio of 0.30 were thus investigated in terms of
mechanical performances at the engineering scale (compressive strength, elastic modulus, and
flexural capacity and toughness) and chemo-mechanical features at the microscale (degree of
hydration and micromechanical properties). Interestingly, promising enhancements of
macroscale mechanical properties observed in the presence of CF were found to sprout from
improvements at microstructure scale. Specific findings can be summarised as follows:
•

The incorporation of CF increases the demand in high-range water reducing admixture
(HRWRA) due to the viscosity modifying effect of CF. The latter is thought to be
associated with CF hydrophilicity leading to water retention and to CF high surface area
and high aspect ratio leading to the formation of CF networks.
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The incorporation of CF enhances all tested macroscale mechanical properties. Strength
improvement of up to 26% in compression, 18% in elastic modulus, 21% in flexure, and
74% in energy absorption were obtained. Interestingly, improvements in all tested
mechanical properties (in the exception of energy absorption) were obtained at low CF
concentrations (0.05–0.10%) where CF dispersion (and hence effectiveness) is believed
to be more evident.

•

The effect of CF on flexural capacity differed from that on toughness: maximum flexural
capacity was achieved at relatively low CF contents (0.05–0.10%), whereas higher
energy absorption capacity was obtained with increasing CF content (likely due to the
contribution of fiber count on the fracture behavior of the matrix).

•

The effect of CF on enhancing the above macroscale mechanical properties was found
to stem from improvements in microstructure properties of the cement paste system.
Microstructure investigations indicated that CF increased the cement degree of hydration
by up to 15% at 28 days. The increased degree of hydration was attributed to the
hydrophilicity and hygroscopicity of CF leading to, respectively, water retention and
water release, thereby providing supplementary water (during hydration) for further
reaction of anhydrous cement grains.

•

Assessment of micromechanical properties of the main microstructure phases using the
NI-QEDS method, revealed that the incorporation of 0.05% CF enhanced the
micromechanical properties (indentation modulus M, indentation hardness H, and
contact creep modulus C) of the C-S-H gel matrix by about ∼12–25%. This enhancement
confirms the high altering potential of CF with respect to the C-S-H gel matrix. The
enhancement in C-S-H micromechanical properties could be attributed to a combination
of a higher degree of hydration and the reinforcing effect imparted by CF on the C-S-H
gel matrix. Those change likely drive the gains in elastic modulus and flexural capacity
observed at the macroscale.

Finally, these results support the use of CF as a promising material for tailoring concrete
properties from the scale of the microstructure phases to obtain a more ductile and tougher
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macroscale behavior. Although more works are needed to further explore the enhancement in
mechanical performance in systems with CF, it can be retained that CF has the capacity to
influence the strength of cement composites at the microstructure scale by contributing to both
the hydration kinetics (i.e. by nucleation effects, due to its nanometric diameter) and to the CS-H gel matrix properties (i.e. as a reinforcing fiber, due to its extremely high aspect ratio).
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Part III:

Development of multiscale
nanomodified strain-hardening
cementitious composites
incorporating high-volume groundglass pozzolans (HVGP-SHCC)
-Chapter 7: Characterization and nanomodification of interface
properties of HVGP-SHCC.
-Chapter 8:

Coupling particle packing optimization with
Micromechanical tailoring for the development of
HVGP-SHCC

-Chapter 9:

Micromechanically guided design of nanoengineered
HVGP-SHCC

This part of the thesis contributes towards achieving project objective 5,
namely, leveraging the versatile opportunities offered by nanocellulose
to develop a novel nanoengineered concrete formulation, namely, a
Nanomodified-Strain-Hardening Cementitious Composite (SHCC).

Chapter 7: Characterization and Nanomodification of interface properties of HVGP-SHCC

300

CHAPTER 7

Characterization and Nanomodification of
Interface Properties of strain-hardening
cementitious composites incorporating highvolume ground-glass pozzolans
7.1 Introduction
In harmony with the overall objective of part III which consists of valorising cellulose filaments
(CF) for the development of nanoengineered strain-hardening cementitious composites
incorporating high-volume ground-glass pozzolans (HVGP-SHCC), the current chapter is
devoted to the characterization and nanomodification of interface properties of HVGP-SHCC.
The development of the HVGP-SHCC undertaken herein is guided by two tailoring tools: (i)
the optimization of matric compacity, and (ii) the micromechanical and fracture mechanics
tailoring approach. The former has been employed to perform a guided replacement of fly ash
(FA) commonly used in SHCC formulation with ground glass pozzolans (GP) such that higher
matrix strength may be attained. On the other hand, to optimize the strength to be obtained with
packing optimization without jeopardizing ductility, the nanoscale CF were used as a tool to
nanoengineer matrix and interface properties towards enhanced complementary energy (Jb)
necessary for composite steady sate cracking and strain-hardening behavior. In this quest,
characterization and tailoring of interface properties is indispensable.
Therefore, the role of this chapter is to (i) characterize the interface properties [frictional bond
(τ0), chemical bond energy (Gd), and slip-hardening effect (β)] of PVA fibers in HVGP-SHCC
using single-fiber pull-out test, then (ii) use cellulose filaments (CF) as a nano-modifier to tailor
matrix and interface properties, and finally (iii) construct the fiber-bridging stress versus crack
opening response [σ(δ)] for the different formulations to be subsequently used for assessing the
composite pseudo-ductility performance for the different formulation (Chapter 9).
The work discussed in this chapter (article 5 addressed in section 7.2 below) is being considered
for publication in construction and building materials.
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7.2 Article 5- Characterization and nano-engineering the
interface properties of PVA fibers in strain-hardening
cement composites incorporating high-volume
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Article information
Authors and affiliations:
Ousmane A. Hisseine, PhD candidate and Canada Vanier Scholar of NSERC, Cement and
Concrete Research Group, Department of Civil Engineering, Université de Sherbrooke
A. Tagnit-Hamou, Professor and director of Cement and Concrete Research Group,
Department of Civil Engineering, Université de Sherbrooke
Article status: Under review
Journal: Construction and Building Materials
Initial date of submission: April 18, 2019
Reference: Hisseine, O. A, Tagnit-Hamou, A. (2019). Characterization and nanoengineering the interface properties of PVA fibers in train-hardening cement composites
incorporating high-volume ground-glass pozzolans: Under review by the journal of
Construction and Building Materials.
Titre français: Caractérisation et nano-modification des propriétés d'interface de bétons
écrouissants à teneur élevée en poudre de verre.
Contribution of this article: Contributes towards achieving project object 5, namely,
leveraging the versatile opportunities offered by nanocellulose to develop a novel
nanoengineered concrete formulation, namely, a Nanomodified-Strain-Hardening
Cementitious Composite.

Chapter 7: Characterization & Nanomodification of interface properties of HVGP-SHCC

302

Characterization and nanoengineering the interface properties of PVA
fibers in train-hardening cement composites incorporating high-volume
ground-glass pozzolans
Ousmane A. Hisseine; Arezki Tagnit-Hamou
Under Review by Construction and Building Materials

Abstract
In the context of enhancing concrete ecoefficiency through the valorization of domestic
materials into concrete design, increasing research attention is being paid to the development
of strain-hardening cementitious composites (SHCC) with various supplementary
cementitious materials (SCM) in replacement of the commonly used fly ash (FA). In this
regard, ground-glass pozzolans [or glass powder (GP)] obtained by grinding post-consumer
waste glass can shape a potential candidate. This study is aimed at characterizing the
interface properties of polyvinyl-alcohol (PVA) fibers in SHCC incorporating high-volume
GP (HVGP) at 0-100% replacement of FA. Single fiber pull-out tests were conducted to
characterize the interface properties [frictional bond (𝜏0), chemical bond (Gd), and sliphardening coefficient (β)] necessary for micromechanical tailoring of SHCC. Results indicate
that with higher matrix compacity obtained with GP, 𝜏0 increased significantly, while Gd
slightly decreased. Whereas higher 𝜏0 in HVGP-SHCC was found to increase the maximum
pull-out load of PVA fibers, excessive 𝜏0 causes fiber damage, thereby adversely affecting
composite ductility. Therefore, an attempt was made to nanomodify the interface by
incorporating nanoscale cellulose filaments (CF) at rates of 0.03−0.10% per cement mass. This
allowed to significantly alter the pull-out behavior whereby 𝜏0 and Gd were relatively
attenuated, while a significant increase in β (~1.0-1.5) was obtained. Thus, the incorporation
of CF imparted a characteristic slip-hardening effect that contributed towards enhancing the
strain-hardening capacity in HVGP-SHCC as experimentally validated by uniaxial tensile tests.
Author Keywords: Ecological materials, engineered cementitious composites (ECC),
recycled glass powder, particle packing optimization, micromechanics, single fiber pull-out,
strain hardening
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1 Introduction
Strain-hardening cementitious composites (SHCC) also known as engineered cementitious
composites (ECC) belong to high-performance fiber-reinforced cementitious composites
(HPFRCC) and are characterized by exceptional ductility, significant tensile strain capacity,
strain-hardening behavior featured by tight multiple-cracking with relatively low fiber
volume, typically ≤2% [1−4]. These characteristics are the outcome of a methodical
tailoring process which is guided by micromechanical principles such that the mechanical
interactions between the fiber, the matrix, and fiber/matrix interface are systematically
considered when the composite is subjected to loading [5]. As such, the study of fiber/matrix
interface is fundamental for the development of SHCC. The importance of fiber/matrix
interface is driven by the fact that in the fiber-bridging concept underpinning the mechanism
of action of fiber-reinforced concrete (FRC), fiber rupture is strongly influenced by the
magnitude of the interfacial bond, together with fiber length and strength [6]. The importance
of fiber/matrix interface also originates from the fact that all composite properties beyond
the linear elastic range of deformation (e.g. strength, fracture energy, fatigue, ductility,
energy absorption capacities, etc.) are expected to activate the failure of the fiber/matrix
interface if fiber failure is prevented [6]. Therefore, the study of fiber/matrix interface is
fundamental for tailoring interfacial property towards improving those composite properties.
In this regard, single-fiber pull-out (SFP) test (in which an individual fiber is pulled out from
its surrounding matrix while continuously recording the pull-out load and the corresponding
fiber-slip distance) have been generally recognized as a useful tool for a direct assessment
of fiber/matrix interfacial bond properties. The latter are mainly described through the
concept of chemical bond (Gd), frictional bond (τ0), and slip-hardening or slip-softening
coefficient (β) [7, 8].
In the context of SHCC with high-volume fly ash (where the use of PVA fibers has been a
prevailing practice) [9−12], Gd is associated with the tendency of the hydrophilic PVA fibers
to adhere to active cations from the surrounding matrix, particularly Al3+ and Ca2+ [13, 14].
In this regard, Gd is almost negligible in non-chemically bonded fibers such as steel or
polyethylene fibers [15]. In contrast, PVA fibers possess a strong propensity to chemically
adhere to cement hydration products. This renders the fibers vulnerable to delamination and
rupture which jeopardize strain-hardening behavior as Gd contributes to reducing the
complementary energy (𝐽𝑏, ) as well as the multiple-cracking potential [9].

Chapter 7: Characterization & Nanomodification of interface properties of HVGP-SHCC

304

The frictional bond τ0 is mainly driven by the stiffness, roughness, and compactness of the
fiber/matrix interfacial transition zone [11, 16]. High τ0 values increase the pull-out
resistance of fibers and lead to SHCC with higher strength, given the direct correlation
between τ0 and the maximum bringing stress (σ0) when fiber rupture, slip-hardening, and
snubbing effect are ignored [16]. However, excessive τ0 can cause fiber damage during
debonding and lead to decreasing 𝐽𝑏, [9,17]. This significantly reduces matrix ductility. For
this reason, with PVA fibers, the fiber/matrix interface properties often exceed the optimal
values in typical cement composites [18]. Therefore, the interface properties need to be
attenuated such that Gd is the lowest while τ0 is maintained at moderate levels [9]. The sliphardening effect β, on the other hand, can be useful to allow fibers to continue resisting
further pull-out load even after initial bond deterioration [7, 15] owing to a jamming effect
created at the interface.
Therefore, as fiber-pullout confers higher ductility to fiber-reinforced composites [7, 8, 19],
it follows that to obtain composites with strain-hardening performance, the interface
properties should be optimized rather than maximized. Some of the attempts to optimize
interface properties include (i) increasing the FA content, (ii) coating the PVA fibers with
an oiling agent, (iii) incorporation of crumb rubber, and (iv) incorporation of nanomaterials
such as calcium carbonate nanowhiskers (CaCO3). Increasing FA content attenuates Gd as
well as τ0, lowers the crack tip toughness Jtip, modifies the PVA fiber-bridging behavior, and
results in higher 𝐽𝑏, which favors the strain-hardening response and improves the ductility at
the composite level [9]. However, with the reduced Jtip associated with excess FA content,
reduced composite strength is also observed in HVFA-SHCC [9−12]. Coating the PVA
fibers with an oiling agent at an optimum dosage of 1.2 wt.% was reported to allow
counteracting excessive Gd, τ0, and β and to result into composites with improved
performance exhibiting a strain-capacity beyond 4% [18]. However, oiled PVA fibers are
very expensive and add to the invoice of SHCC, thereby reducing the potential for largescale applications of SHCC [19]. Graphene oxide (GO) incorporated at 0.05 - 0.12wt.% were
found to increase matrix compactness and lead to higher Jtip. While the latter is unfavorable
for strain-hardening, the incorporation of GO also enhanced fiber/matrix interface and
increased 𝐽𝑏, such that the ratio J′b/Jtip was not adversely affected, thereby leading to higher
strain-hardening capacity [20]. The incorporation of CaCO3 nanowhiskers resulted in a
significant decrease in Gd and an improvement in 𝐽𝑏, , thereby enhancing the strain-hardening
behavior of SHCC [16].
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In the context of the development of HVGP-SHCC attempted herein, the incorporation of
GP was intended to optimize the packing density of the matrix to enhance the composite
strength lacked in the most commonly used HVFA-SHCC [9−12] while valorizing an
otherwise waste material (post-consumer ground-glass). In this regard, it can be perceived
that while optimizing matrix compacity allows higher composite strength, it should be noted
that too high particle packing densifies fiber/matrix interfacial transition zone and can lead
to excessive τ0 which−when associated with fiber rupture−can jeopardize composite
ductility [9, 17]. Therefore, the current study proposes the incorporation of nanoscale
cellulose filaments (CF) to serve as a novel tool to nanoengineer matrix and interface
properties of HVGP-SHCC towards higher strength and ductility. CF are nanoscale rod-like
cellulosic particles with a nanometric diameter (30–400 nm), micrometric length (100–
2000 µm), and high aspect ratio (100–1000). CF belong to nanocellulose materials (NCM)
such as cellulose nanocrystals (CNC); microfibrillated cellulose (MFC; and nanofibrillated
cellulose (NFC) [21].
Precursors of CF as a potential candidate to enhance HVGP-SHCC originate from: (i)
strengthening/stiffening features emanating from a combination of internal curing and
nanoreinforcing effects leading to higher strength (up to 18% in elastic modulus [22], 25%
in flexure, and 96% in energy absorption [23]), (ii) CF effect on the microstructure
manifested by an increased degree of hydration of ∼15% and enhanced micromechanical
properties of C-S-H gel matrix of ∼12–25%) [22].
Building upon these findings from our previous research works [17, 22, 23], it is
hypothesized herein that while particle packing optimization with the incorporation of GP
increases the strength of SHCC at the detriment of ductility, the incorporation of CF as a
nanoreinforcing tool can allow obtaining multi-scale fiber-reinforced HVGP-SHCC
exhibiting both improved strength and ductility. On the other hand, the high surface area CF
may be perceived to interfere at the fiber/matrix interfacial zone such that the excessive
bonding of PVA fibers to the matrix (and eventually Gd) may be attenuated, thereby
potentially contributing to increasing the complementary energy 𝐽𝑏, . For this, the aim of this
article is to characterize the interface properties of PVA fibers in HVGP-SHCC along with
the nanomodification of matrix and interface properties using CF so that optimized interface
properties can be obtained to serve in the micromechanical design of HVGP-SHCC. The
study contributes towards the development of multi-scale fiber reinforced SHCC
incorporating HVGP and brings new insight on the development of ecological HPFCC using
domestic materials.
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2 Research Framework
With the aim of increasing composite strength, the SHCC mixtures considered in this study
for characterization and nanomodification of interface properties were first screened on the
basis of particle packing optimization using the compressible packing model (CPM)
proposed by De Larrad [24] where GP replacement of FA of up to 100% was considered
[17]. Selected mixtures ensuing from the particle packing optimization (namely with the
minimum, moderate, and maximum GP content) were also subjected to nanomodification
with CF at dosages of 0.03, 0.05, and 0.10% by mass of cement. Resulting formulations were
then considered for the single-fiber pull-out test to compile fiber/matrix interface parameters
(namely, chemical bond Gd, frictional bond τ0, and slip-hardening coefficient β). In outcome,
interface parameters were used to construct the fiber-bridging stress versus crack-opening
response [σ(δ)] for the different formulations using micromechanical principles. Uniaxial
direct tensile tests were also conducted to validate the results of σ(δ) obtained form
micromechanical modeling. Fig. 1 presents an overview of the framework adopted in this
study.
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3 Experimental Program
3.1 Materials properties
3.1.1 Basic SHCC ingredients
SHCC ingredients include high-sulfate-resistance cement (type HS) with low C3A and C3S
content (to enhance the rheology), type F- fly ash (FA), type GH glass powder (GP), and
quartz sand (QS). The cement has a specific gravity (SG) of 3.18, Blaine fineness of 438
m2/kg, and mean particle diameter (d50) of 12 µm. The FA used in the study fulfills the
requirements of CAN/CSA A3000 specifications and has an SG of 2.55, Blaine surface area
of 363 m2/kg, and d50 of 17. The GP used herein has an SG of 2.51 and d50 of 27 µm. The
QS has an SG of 2.70, maximum particle size (dmax) of 600 µm, and mean particle size (d50)
of 250 µm. Table 1 presents the chemical composition and physical properties of all granular
materials used in this study, Fig. 2 provides their particle-size distribution and Fig. 3 presents
scanning electron microscope (SEM) images for FA [Fig. 3 (a)] and GP [Fig. 3 (b)] used in
this study. Polyvinyl-alcohol (PVA) fibers [Fig. 4 (a)] were added at 2% per volume of
suspended mortar. The fiber has 38 µm diameter, 8 mm length, 40 GPa elastic modulus, and
1400 MPa tensile strength.
3.1.2 Cellulose filaments
The cellulose filaments (CF) were provided by Kruger Biomaterials Inc. (Trois-Rivières,
Québec, Canada). CF have 30–400 nm diameter and 100–2,000 µm length. This results in
their significantly high aspect ratio of about 100–1,000 and high surface area (80– 160 m2/g).
The filaments were received from the supplier in a dispersed form (colloidal suspension with
a nominal solid content of 1.2%). Further information about CF characteristics and
sustainability features can be found in our former works [22, 23]. Fig. 4 (b) depicts a
scanning electron microscope (SEM) image of a CF diluted aqueous suspension at a
concentration of 0.10%.
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Table 1. Chemical compositions of powders and granular materials used in the study
Composition
SiO2
Fe2O3
Al2O3
CaO
TiO2
SO3
MgO
Na2O
K2O
ZnO
LOI
C3S
C2S
C3A
C4AF
Blaine (m2/kg)

Quartz Sand

Type HS Cement

Type F Fly Ash

Type GH Glass Powder

99.8
0.04
0.14
0.17
0.02
––
0.008
––
0.05
––
0.2
––
––
––
––

22
4.3
3.5
65.6
0.2
2.3
1.9
0.07
0.8
0.09
1.0
50
25
2.0
14

53.7
5.6
17.5
12.4
––
––
2.1
1.6
2.0
––
1.8
––
––
––
––

73.00
0.40
1.50
11.30
0.04
––
1.20
13.00
0.50
––
0.60
––
––
––
––

438

363

308

Fig. 2. Particle size distribution of SHCC ingredients
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Fig. 3. SEM micrographs of SHCC ingredients: (a) HS Cement, (b) Class F Fly ash, and
(c) Glass powder, (d) Quartz sand

Fig. 4. SEM micrograph of hybrid reinforcement systems used in this study: (a) RECS15
polyvinyl alcohol (PVA) fibers, and (b) nanoscale cellulose filaments (CF)

3.2 Mixture proportions
A basic SHCC mixture with fly ash /cement (FA/c) ratio of 1.2, QS to binder ratio of 0.35
and a water-to-binder (w/b) ratio of 0.28 was considered. A total of fifteen SHCC mixtures
(comprised in two mixture series) were developed. In series I, six different ternary mixtures
(cement, FA, GP) with variable binary combinations of GP and FA (GP in replacement of
FA at 0, 20, 40, 60, 80, and 100%) were developed (Table 2). The replacement of FA by GP
was guided by the optimization of matrix packing density using the compressible packing
model of De Larrad [24] as detailed elsewhere [17]. The combined particle-size distribution
of each of series I-basic mixtures is shown in Fig. 5. In series II, a total of nine nanocellulose-

Chapter 7: Characterization & Nanomodification of interface properties of HVGP-SHCC

311

modified SHCC mixtures were developed. This involves incorporating CF at dosages of
0.03, 0.05, and 0.10% in each of the following series I-SHCC mixtures (0% GP, 40%GP,
and 100% GP). The selection of these mixtures was guided by the optimization of particle
packing attempted in series I. For all mixtures, a poly-carboxylate (PCE)-based high-range
water reducing admixture (HRWRA) with an SG of 1.09 and solid content of 40%, fulfilling
the requirements of ASTM C494 Type F admixtures [25] was used to secure the target minislump flow diameter of 300±20 mm in the suspended mortar. Mixture nomenclature consists
of three parts, the first designating the percentage of FA, the second designating the
percentage of GP, and the third designating the percentage of CF per cement mass. For
instance, the mixture 0FA-100GP-0.10CF refers to the mixture with complete replacement
of FA by GP and the addition of CF at 0.10% per cement mass. In any mixture, the binary
combination of FA and GP adds up to 100 and corresponds to (FA+GP)/ cement=1.2.

Fig. 5. Combined particle size distribution for the different SHCC formulations
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Table 2. Mix design of HVGP-SHCC

Series

I

II

Mixture Composition (kg/m3)
Water/binde
Fly ash
Glass
Quartz
Cement
Water
r
(FA) powder (GP) sand (QS)
(W/B)
597
717
––
460
366
0.28

Packing
density
(PD)
0.64

HRWRA
(solid
extract)
3.251

CF
(solid
extract)
––

0.28

0.66

3.609

––

364

0.28

0.70

4.433

––

458

364

0.28

0.71

4.802

––

576

458

363

0.28

0.73

6.172

––

––

717

458

360

0.28

0.74

9.136

––

597

717

––

459

365

0.28

0.64

4.014

0.175

M100FA-0GP-0.05CF

597

717

––

459

365

0.28

0.64

4.125

0.292

9

M100FA-0GP-0.10CF

597

717

––

459

365

0.28

0.64

4.589

0.584

10

M60FA-40GP-0.03CF

596

429

286

459

364

0.28

0.70

5.534

0.175

11

M60FA-40GP-0.05CF

596

429

286

459

364

0.28

0.70

5.913

0.292

12

M60FA-40GP-0.10CF

596

429

286

459

364

0.28

0.70

6.084

0.584

13

M0FA-100GP-0.03CF

593

––

717

457

360

0.28

0.74

9.136

0.175

14

M0FA-100GP-0.05CF

593

––

717

457

360

0.28

0.74

9.286

0.292

15

M0FA-100GP-0.10CF

593

––

717

457

360

0.28

0.74

9.479

0.584

No.

Mixture name

1

M100FA-0GP-0CF

2

M80FA-20GP-0CF

597

576

143

459

365

3

M60FA-40GP-0CF

596

429

286

459

4

M40FA-60GP-0CF

595

286

429

5

M20FA-80GP-0CF

595

143

6

M0FA-100GP-0CF

593

7

M100FA-0GP-0.03CF

8
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3.3 Mixing procedures
In conjunction with other tests conducted on suspended mortar reported elsewhere [17, 26],
batching of different SHCC mixtures was carried out using a pan mixer of type Mortartman
360 (Imer, CA, USA). In an attempt to deflocculate powder agglomerates and enhance
mixture homogeneity, all powders and granular materials were dry mixed for 7 min prior to
adding water and HRWRA. In the second step, 95% of the mixing water (homogenised with
90% of HRWRA) was added to the mixer slowly during ≈0.5 min then mixing continued
for 2.5 min. For mixtures incorporating CF, a CF-water suspension was first prepared from
a readily dispersed CF (colloidal suspensions with 1.2% CF solid content). Thereafter, 90%
of the HRWRA was diluted into 95% of CF-water suspension so that the HRWRA further
enhances CF dispersion. More details about CF dispersion protocol can be found elsewhere
[22]. The remaining 10% of HRWRA is left for final adjustment of mixture flowability. In
the third step, the mixer was stopped for ≈0.5 min to scrape its blades and edges then mixing
continued for another 1 min. The consistency of the suspended mortar was then checked
such that when a mini-slump flow diameter of ≈300 mm was obtained [27], only the
remaining water is added (after adjustment of the amount of water contained in the unused
10% of HRWRA). Otherwise, a gradual amount of HRWRA is added (along with an
adjusted amount of the remaining 5% of water) until the desired ≈300 mm mini-slump flow
diameter is achieved. The resulting mixtures were cast into the required test specimens. A
summary of fresh properties for the different mixtures is presented in Table 3, while further
details about the fresh state behavior have been reported elsewhere [17, 26].
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Table 3. Fresh properties of SHCC plain formulations

Fresh properties
Series

I: Basic SHHC

II: Nanomodified SHCC

Slump-flow
Air content Unit weight Temperature
diameter
(%)
(kg/m3)
(oC)
(mm)

No.

Mixture name

1

M100FA-0GP-0CF

315

4.25

2034

21

2

M80FA-20GP-0CF

310

4.13

2037

20

3

M60FA-40GP-0CF

310

3.90

2039

22

5

M40FA-60GP-0CF

305

3.91

2040

21

5

M20FA-80GP-0CF

305

4.36

2039

21

6

M0FA-100GP-0CF

300

4.41

2035

23

7

M100FA-0GP-0.03CF

305

4.22

2021

23

8

M100FA-0GP-0.05CF

305

4.98

2018

24

9

M100FA-0GP-0.10CF

300

5.21

2015

25

10 M60FA-40GP-0.03CF

300

4.18

2032

23

11 M60FA-40GP-0.05CF

300

4.31

2030

23

12 M60FA-40GP-0.10CF

295

4.43

2027

23

13 M0FA-100GP-0.03CF

305

4.24

2025

22

14 M0FA-100GP-0.05CF

305

5.10

2023

23

15 M0FA-100GP-0.10CF

295

5.46

2015

22

3.4 Preparation of test samples
Test samples for single-fiber pull-out (SFP) test were cast on tensile coupon molds (Fig. 6).
While rectangular molds can be obviously utilized for the same purpose, the authors used
dog-bone molds already constructed to perform the direct tensile tests. Existing research on
SFP test for SHCC use long continuous fibers such that the fibers are embedded in the molds
with the ends stretched to ensure fiber straightness. When the matrix hardens, the PVA fiber
is cut at the desired embedment length, typically 1 mm [15, 16, 18]. The issue with this
technique is that when the matrix is cut at the desired embedded length (1 mm), there will
be usually not enough matrix extension left for efficient (yet safe) gripping during the SFP
test. Alternatively, the sample can be glued on an extension plate that will be gripped during
testing. To overcome this, a new technique for installing PVA fibers for SFP test was
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developed herein (Fig. 6). Small rubber blocks (22×7×6 mm) were prepared and installed in
tensile coupon mold such that the 22 × 6 mm cross section aligns with the cross-section of
the coupon mold. The 7 mm width hosts the free end of the PVA fiber [Fig. 6 (c) and (d)].
Two notches were made on each rubber block. The notches were placed at the middle third
of the rubber piece. They extend in depth to mid-height of the rubber block (3 mm). For each
block (except for the ones on the middle of the mold), two PVA fibers were placed such that
7 mm of fiber length stays embedded in the rubber while the remaining 1 mm of fiber length
remains hanging [Fig. 6 (d)]. SHCC suspended mortars were cast in two equal layers. The
first layer is cast from the mold side opposite to the fiber such that the fresh material flows
underneath the hanging fiber-end to support it and minimize fiber bending. The second layer
is poured (starting from the fiber side) slowly to avoid causing fiber bending. For mixtures
cast at the grip sides of the molds, each mixture contained two fibers while mixtures cast in
the middle of the molds had one fiber. This process allowed casting 10 SFP test samples per
mixture for the first case and 5 samples for the second case and yield a total of 125 SFP test
samples. Upon casting, specimens were sealed and kept in a controlled environment at 50%
relative humidity (RH) and 23 oC, then demolded 24±1 h later. Specimens were then sealed
inside plastic bags and transferred for storage in a fog room at 100% RH and 22 oC
temperature until the age of testing.
A point worth elucidating regarding the current method for preparing test samples for SFP
is the straightness of the embedded length Le inside the fresh mortar. In this regard, while
the fiber embedded length Le of 1 mm is too small to cause significant fiber bending inside
the fresh mortar, this feature was verified to ensure that bending of fiber embedded-end
caused by fresh mixture weight above Le remains negligible. For this, Le has been modeled
as a prismatic solid circular beam. Neglecting the effect of surface tension induced by the
liquid phase of the mixture, for simplicity, the fiber is principally subjected to the weight of
the mortar layer above it. While the mortar layer underneath the fiber provides support
hindering fiber bending, this effect has been disregarded to examine the worst case. The fiber
end embedded inside the rubber block being far higher than Le, the latter is considered as a
cantilever beam whereby the fiber length embedded in the rubber (7 mm) provides enough
rigid support for Le. Each fiber carries a mortar weight over a tributary length of 7.33 (mold
width/3) and a depth of 3 mm (thickness of top mortar layer). The fresh unit weight of each
mixture can be used to determine the load per unit length (w) supported by Le. Using the
𝜋

elastic modulus (E) for the fiber and its moment of inertia [𝐼𝑥 = ( 4 ) 𝑟 4 , considering circular
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cross section], then the maximum deflection at fiber tip can be calculated using the formula:
𝛿𝑚𝑎𝑥 =

𝑤𝐿𝑒 4
𝐸𝐼

.

Detailed results of fiber deformation at the free end during the fresh state are provided in
Appendix I which proves that the deformation was quite negligible (< 0.1% in all cases).
This suggests that the technique used herein for placing the PVA fibers can ensure fiber
straightness necessary for SFP test. It can be viewed as an alternative to the current
techniques requiring continuous fibers which are not always readily available in the market.

Fig. 6. Preparation of test samples for single-fiber pull-out (SFP) test: (a) fresh samples, (b)
verification of fiber embedded-end deformation, (c) SFP test sample at the hardened state
(dimensions in millimetres).

3.5 Test set-up and procedure
3.5.1 Single fiber pull-out (SFP) test
The test set-up for the SFP test is shown in Fig. 7. Owing to the high precision requirements
in the SFP test, a miniature load cell of 5-N capacity of Zwick type was used for this purpose.
The test was conducted under a displacement-controlled mode at a rate of 0.2 mm/s for
consistency with the loading rate adopted for the direct tension tests conducted in the
assessment of actual SHCC. In an attempt to minimize the elastic stretching, the fiber is
gripped at less than 1 mm from the matrix top surface. Fig. 7 (a) shows a schematic of the

Chapter 7: Characterization & Nanomodification of interface properties of HVGP-SHCC

317

test set-up, while Fig. 7 (b) illustrates the actual test configuration where two PVA fibers are
visible, one of which being tested. Fig. 7 (b) (at extreme right) also shows a post-test pulledout PVA fiber with Le appearing in bright white. Following the above procedures, fiber pullout load versus fiber slip response was recorded for all mixtures. For each mixture, 5-10 SFP
tests were conducted to ensure repeatability. In outcome, 4-7 successful SFP tests were
obtained for each mixture.

3.5.2 Uniaxial tensile test
Uniaxial tensile tests were conducted on dog-bone SHCC samples with the dimensions
shown in Fig. 8. Tested samples comprise three GP contents (0, 40, and 60%) as optimized
elsewhere [17]. For each GP content, SHCC mixtures formulated with the incorporation of
CF at the dosage of 0, 0.03, 0.05, and 0.10% of cement mass were also tested. The test was
conducted under a displacement-controlled mode at a rate of 0.2 mm/min. The test set-up is
equipped with a wire extensometer attached at the middle of the sample. This is
supplemented by a laser-type extensometer such that all elastic and plastic deformations are
well captured (Fig. 8)
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Fig. 7. Single-fiber pull-out (SFP) test: (a) schematic of test set-up; and (b) actual test set-up (left), close view at test sample (middle),
and a pulled-out fiber whereby the embedded end appears in bright white (left).
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Fig. 8. Test set-up for uniaxial tensile test (all dimensions are in millimeters).

3.6 Data processing
3.6.1 Pull-out slip behavior
The general profile of single fiber pull-out versus slip for PVA fibers (Fig. 9) proposed by
Redon et al. [15] has been used to disclose the effect of glass powder (GP) and that of
nanomodification by cellulose filaments (CF) on interface properties. Overall, all tests fall
within the generic behavior illustrated in Fig. 9 where three distinct phases characterize the
fiber pull-out versus slip behavior: (i) full-bond, (ii) fiber-matrix debonding, and (iii) fiber
frictional sliding.
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Fig. 9. General pull-out versus slip response obtained with PVA fibers in HVGP-SHCC.

Phase I-Full bond-The linear segment of the pull-out load versus slip response: During this
phase, increasing the packing density (by incorporating GP) intensifies the contact points
between the fiber and the matrix and roughens the interface [17] as illustrated in Fig. 10.
This increases the frictional bond τ0 and leads to higher pull-out resistance. On the other
hand, with the incorporation of CF, the high surface area of these polymers creates a new
interface between the PVA fibers and the matrix (Fig. 11). This fosters a polymer-polymer
friction (PVA-CF) over a polymer-matrix (PVA-matrix) friction; thereby altering interface
properties.
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Fig. 10. Illustration of the effect of packing density by GP on interface properties.

Phase II-Fiber-matrix debonding-The concaved-down segment following the linear portion
in the pull-out load versus slip response: In this phase, as the pull-out load is resisted by a
synergy between chemical adhesion in the undebonded fiber segment and frictional bond in
the debonded fiber segment, higher packing density (by incorporating GP) would increase
the frictional resistance due to a denser matrix surrounding the PVA fiber (Fig. 10). This can
increase the pull-out resistance, but can also lead to fiber rupture, undesirable for strainhardening [15, 17]. The incorporation of CF, on the other hand, can play a balancing role
where the interference of the nanoscale CF polymers would attenuate friction during this
phase (Fig. 11).
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Fig.11. Illustration of the effect of nanoscale CF on interface properties in HVFA-SHCC
(a), and in HVGP-SHCC (b). The presence of CF creates a new interface between PVA
fibers and the matrix.
Phase III- Fiber frictional sliding-The extended portion of the pull-out load versus slip
response beyond point Pb: Fiber sliding during this phase is characterized by three behaviors
(slip hardening, constant friction or slip-softening effect) depending on the slip hardening
coefficient β which is, respectively, positive, zero or negative [8, 15] as illustrated in Fig. 9.
In this regard, the effect of increasing matrix compacity can be viewed from two
perspectives: (i) higher packing density increases the friction between the fiber and the
matrix and thus leads to higher pull-out resistance, however, (ii) too high packing density
can generate frictional stresses exceeding fiber apparent tensile strength. This can cause
premature fiber breakage rather than fiber pull-out preferable for strain-hardening [15, 17].
As for CF, the omnipresence of the flexible polymeric fibrils on PVA fiber/matrix interface
zone can be perceived to attenuate the friction as the PVA fiber slides-out of the matrix.
Moreover, during the fiber-sliding phase, CF can contribute to creating a sort of jamming
effect, thereby delaying fiber pull-out. The slip-hardening can be viewed as an advantageous
feature as it allows fibers during the sliding phase to continue withstanding load levels (Pc)
beyond the debonding load (Pa).
3.6.2 Determination of fiber matrix interface parameters
Following the procedure described in section 3.5.1, the basic data for SFP test were
collected. This consists of fiber pull-out load (P) versus fiber slip response (S). To ensure
that actual fiber slip (S) is obtained, the as-recorded slip (𝑆̇) was corrected by subtracting the
elastic deformation (𝑆̈) of the fiber caused by fiber stretching using the relationship: S=𝑆̇- 𝑆̈,
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where the elastic deformation 𝑆̈= PLe/AfEf, Af= fiber cross-sectional area, Le= fiber embedded
length, and Ef= fiber elastic modulus. The resulting pull-out versus slip response was plotted
and the interface parameters of interest for SHCC micromechanical tailoring were
determined. This includes the chemical bond Gd, the frictional bond 𝜏0 , and the slip
hardening coefficient β.
The chemical bond Gd was determined using the relationship:
𝐺𝑑 =

2(𝑃𝑎 −𝑃𝑏 )2

in J/m2

𝜋 2 𝐸𝑓 𝑑𝑓3

(1)

where Ef= fiber axial Young’s modulus of elasticity; and df = fiber diameter.
The frictional bond 𝜏0 at the onset of fiber sliding was determined using the following
relationship:
𝑃

𝜏0 = 𝜋𝑑 𝑏𝐿

in MPa

𝑓 𝑒

(2)

where Le is the embedded fiber length.
The slip hardening coefficient β is a parameter that depends on the slope of the pull-out
versus slip curve during the frictional sliding stage (phase III). It was determined from the
initial slope of phase III in the pull-out versus slip curve using the formula:
𝑑

𝛽 = ( 𝐿 𝑓 ) [(𝜏
𝑓

∆𝑷

The term ( ∆𝑺́ )

→ 𝟎

1
0 𝜋𝑑𝑓

∆𝑃

) ( ́)
∆𝑆

→ 0

+ 1]

(3)

𝑠́

designates the first derivative of the pull-out versus slip response at the

𝒔́

onset of fiber sliding.
3.6.3 Linking interface properties to composite behavior
The extrapolation from single fiber response in pull-out to the composite behavior under
uniaxial tension goes through linking the above-determined interface parameters to the
composite behavior. This necessitates taking into account several factors such as fiber status
(bonded, unbonded, frictional sliding phase, or ruptured), fiber orientation, and a set of fiber
parameters (i.e., snubbing coefficient, strength reduction factor, and spalling effect).
In this regard, the relationship between the pull-out load (P) of a single fiber and its
corresponding fiber debonding length (δ) can be computed from the Lin et al’s [8] theoretical
model (shown in Eq. (4)) derived on the basis of stress analysis and energy balance principle:
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𝛿+

𝜋 2 𝐸𝑓 𝑑𝑓3 𝐺𝑑 (1+𝜂)
2
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(4)

where Ef is the elastic modulus of the fibers, df is the diameter of the fiber, 𝜏0 is the frictional
bond
strength, Gd is the chemical bond, and 𝜂 = (VfEf)/(VmEm) where Vf is the volume fraction of
fiber, Vm is the volume of the matrix, and Em is the elastic modulus of the matrix.
Eq. (1) can model the relationship between the load and the debonding length during the
fully bonded phase (I) (Fig. 9) combining chemical and frictional bonding. When the fiber
is fully debonded and is left sliding over frictional bonding only, the relationship between P
and δ is governed by Eq. (5)
𝑃(𝛿) = 𝜋𝑑𝑓 𝜏0 [1 +

𝛿−𝛿0
𝑑𝑓

𝛽] [𝑙𝑒 − (𝛿 − 𝛿0 )]

(5)

where δ0 is the pull-out length corresponding to full debonding and is defined as in Eq. (6)

𝛿0 =

4𝜏0 𝐿2𝑒 (1+𝜂)
𝐸𝑓 𝑑𝑓

2𝐺𝑑 𝐿2𝑒 (1+𝜂)

+ 4√

𝐸𝑓 𝑑𝑓

(6)

To include the effect of fiber orientation (being random in the composite) and its consequent
implication on frictional forces, Morton and Groves [28] and subsequently Li [29]
introduced the snubbing effect f (> 0) as proposed in the following empirical equation [Eq.
(7)] to account for the increase in the bridging load P at an inclination angle θ by analogy to
a friction pulley at the exit point.
𝑃(𝜃) = 𝑃(0)𝑒 𝑓𝜃

(7)

On the other hand, to account for the vulnerability of some fibers to bending and lateral
stresses when loaded at an inclined angle, a strength reduction factor 𝑓 ′ has been introduced
for PVA fibers by Redon et al. [15] as shown in Eq. (8).
′

𝜎𝑓𝑢 (𝜃) = 𝜎𝑓𝑢 (0)𝑒 −𝑓 𝜃

(8)

A spalling effect (k) has also been introduced by Yang et. [30] as in Eq. (9) to account for
some additional forces and stress concentrations exerted by an inclined fiber on the matrix.
It is the reaction of the matrix to the pressure created by the inclined fiber such that when
the stresses created by the fiber are higher than the strength of the matrix, the latter will
experience a spalling of size S.
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(9)

where P is the external force acting on the fiber, θ is the orientation of the fiber, σmu is the
matrix tensile strength, and k is the spalling coefficient, a constant which depends on fiber
geometry and matrix stiffness.
Finally, to extrapolate from the effect of single fiber orientation to that of multiple fiber
orientation in the composite, Kanda and Li [31] proposed the flowing equation [Eq. (10)]
which accounts for this issue in the form of a probability density function for fiber orientation
and single fiber pullout load P (θ, Le, δ).
4𝑉𝑓

𝜋
2

𝐿𝑓
2

𝜎𝐵 (𝛿) = 𝜋𝑑2 ∫0 ∫0 𝑃(𝜃, 𝐿𝑒 , 𝛿) 𝑝(𝜃) cos(𝜃) 𝑑𝐿𝑒 𝑑𝜃

(10)

𝑓

where 𝑝(𝜃)is the probability density function for fiber orientation.
Thus, starting from interface parameters, Eq. (10) enables to determine the bridging capacity
at the composite level for a fixed volume fraction of fibers (Vf). In the current study, basic
interface properties (Gd, τ0, and β) were collected from SFP test as in section 3.6.2, Vf was
fixed at 2%, the snubbing coefficient f for PVA fibers was assumed to be 0.30 [32], fiber
strength reduction factor 𝑓 ′ was also taken as 0.30 [31], the spalling coefficient was taken
as 500 [30]. The parameters f, 𝑓 ′ , and k were assumed herein to be insensitive of matrix
composition (GP or CF content) for simplicity. This assumption remains conservative for
the following reasons: (i) with increased compacity by GP, f is expected to increase while 𝑓 ′
is expected to decrease, thereby leading to higher bridging capacity. Similarly, (ii) the nanobridging effect of CF fostering a stiffer matrix is expected to limit matrix spalling (at exit
point of inclined fibers) thereby leading to higher bridging capacity.
By implementing the above equations and following the numerical procedures for the
determination of fiber bridging capacity proposed in [30], fiber bridging-stress versus crack
opening response for the different formulation was constructed and presented in section 4.3.

4 Results analysis and discussions
4.1 Effect of glass powder on interface properties
Fig. 12 presents the pull-out versus slip response for the different mixtures with varying GP
content in replacement of FA. The influence of GP on interface properties can be explained
based on the generalized pull-out response depicted earlier in Fig. 9 as well as in light of the
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effect of CF on the packing density of the matrix as presented in Table 2. Table 2 indicates
that GP increased the packing density from 64% in the reference mixture (with 0 GP) to 66,
70, 72, 73, and 74%, respectively, in the SHCC with 20, 40, 60, 80, and 100% replacement
of FA with GP. As such, GP plays a filler effect that can be correlated to the gradation of
different granular materials shown earlier in Fig. 2. The latter indicates that GP [with a mean
particle size (d50) of 27 µm)] as compared to that of cement (d50 = 12 µm) and that of FA
(d50 = 17 µm), can permit filling the particle gap between the binders (cement and FA) from
one side and the QS (d50 = 250 µm) from another side. This is more evident from the PSD
for GP falling between that of binders (cement and FA) from one side and that of QS from
another side. In consequence of this observed effect of GP on matrix compactness, Fig. 12
indicates that replacing FA by GP influences the pull-out versus slip response. The most
remarkable effect appears on the maximum pull-out load as well as on the frictional sliding
phase of the pull-out behavior. The maximum pull-out load [during the fully bonded phase
(I)] appears to increase with increasing GP content. It increased from an average of 0.53 N
in the reference mixture to an average of 0.86 N in the mixture with 100% GP. This can be
perceived to increase the overall fiber bridging capacity (σ0) to be discussed later in section
4.3. However, the increase in the pull-out load is also accompanied with a relative drop in
the slip distance from ~0.80 mm in the reference mixture to ~0.50 mm in the mixture with
100% GP as can be inferred from the trend of the pull-out versus slip response depicted in
Fig. 12. Furthermore, the frictional sliding phase (III) was characterized by constant friction
in all tests in the reference mixture. At increasing GP, with higher pull-out load resistance,
more tests reveal a sudden sharp drop in the pull-out response.
The above results of pull-out versus slip response were further used to determine the
interface properties presented in Fig. 13 [source data provided in Appendix 2]. With
increasing GP content, a continuous increase in 𝜏0 was recorded (from 2.95 MPa in the
reference mixture to 3.10, 4.30, 4.62, 5.57, and 6.84 MPa, respectively, in the mixtures with
0, 20, 40, 60, 80, and 100% GP). On the other hand, the chemical bond Gd remained quite
comparable (considering the variability of results) but showed an overall decreasing trend
with higher GP content (from 2.65 j/m2 in the reference SHCC to 2.45 J/m2 in the SHCC
with 100% GP). The slip-hardening effect β, on the other hand, remained comparable [
≈0.005 which corresponds to constant frictional sliding (β=0)] up to 40%GP, then dropped
at increasing GP as more tests revealed sudden drop in the pull-out resistance at higher 𝜏0 .
The significant increase in 𝜏0 observed with increasing GP is attributed to the increased
matrix compacity whereby the fiber/matrix interface becomes denser and rougher. The slight
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drop in Gd may be attributed to a dilution effect of GP hindering chemical adhesion between
the PVA fiber and the cement. The reduced β at higher GP can be a consequence of the
increased 𝜏0 which rather promotes fiber premature rupture over the frictional sliding mode.
Thus, the most significant effect of GP shows on increasing 𝜏0 . While this has increased the
maximum pull-out load observed in systems with high GP content, excessive 𝜏0 can cause
fiber rupture. As a result, a measure for attenuating the interface friction−such that the
increase in pull-out load is optimized towards enhanced composite strength and
ductility−may be useful. This has been attempted by the incorporation of the nanoscale CF
as addressed in the section 4.2.
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Fig. 12. Pull-out load versus slip response for different GP content in replacement of FA.
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Fig. 13. Effect of GP on interface properties.

4.2 Nano-modifying the interface properties using cellulose filaments
The effect of nanomodification with cellulose filaments (CF) on the pull-out response was
assessed on three categories of SHCC, namely the SHCC mixtures with 0, 40, and 100%
GP. These mixtures were chosen based on the assessment of packing density [17] such that
the effect of CF on interface properties at a scattered range of GP content may be disclosed.
Fig. 14 presents the results of SFP tests for the above three systems (0, 40, and 100% GP)
along with the corresponding mixtures obtained by incorporating CF at 0, 0.03, 0.05, and
0.10%. Overall results indicate remarkable changes in all the three phases of the pull-out
versus slip response described in the generalized pull-out response depicted earlier in Fig. 9.
The response of the reference mixture (100FA-0GP-0CF) depicted in Fig. 14 (a), undergoes
phase I (fully bonded) by attaining approximately 0.55 N, then undergoes phase II with a
quite significant drop from Pa to Pb (implying higher chemical bond). Thereafter, the slip
response at phase III (sliding) exhibits constant frictional sliding (β ≈0).
The above pull-out response exhibited noticeable change upon the incorporation of CF at
0.03, 0.05, and 0.10% [as shown in Fig. 14(b)-(d), respectively]. Overall, the average peak
load attained during phase I (fully bonded) was lower in all systems with CF. The Pa to Pb
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difference during phase II of pull-out response was also lower, while a significant-slip
hardening effect (β˃0) was observed during the frictional sliding phase (III).
The above trend of CF effect on altering the pull-out response is further confirmed by the
results of systems containing 40% GP. The system without CF (60FA-40GP-0CF) depicted
in Fig. 14 (e) had an average peak load in phase I of ~0.71 N, a Pa to Pb average difference
of 0.17 N, followed by frictional sliding of fiber (β ≈0). On the other hand, the systems
containing CF depicted in Fig. 14 (f)-(g) recorded an average peak load in phase I in the
range of 0.40-0.50 N, a Pa to Pb average difference in the range of 0.03-0.06 N, and
remarkable slip-hardening effect as reflected by the rising portion of the graph during the
frictional sliding phase. A similar effect of CF was noticed in the mixture with 100% where
the incorporation of CF attenuated the peak load during phase I.
In harmony with the above trend recorded in the pull-out versus slip response, the results of
interface parameters reported in Fig. 15 indicate that with the incorporation of CF, the
frictional bond τ0 has been attenuated in all mixtures (with a more significant effect in
mixtures with high GP). On the other hand, in consequence to the drop in Pa to Pb difference
observed in the presence of CF, the chemical bond Gd has been attenuated with the
incorporation of CF. Furthermore, the remarkable rising portion of the pull-out response
during the sliding phase observed in systems with CF resulted in increasing the sliphardening effect from β ≈0 in systems without CF to β ≈ 0.2 − 1.5 in systems with CF.
While higher interface properties can enhance the maximum pull-out load and increase the
bridging capacity, for strain-hardening behavior to prevail, interface properties need to be
attenuated such that Gd is the lowest while τ0 is maintained at moderate levels [9]. As such,
the effect of CF on attenuating Gd and τ0 is advantageous for composite strain-hardening
performance.
The effect of CF on attenuating interface frictional bond can be associated with the
interference of the omnipresent high-surface area CF at the interfacial transition zone
between the matrix and the PVA fiber. In situations where the fiber/matrix is very dense, the
resulting higher τ0 can enhance the maximum pull-out load but can adversely lead to
premature fiber rupture or surface damage as shown in Fig. 16. In this regard, Fig. 16 (a)
illustrates the status of pulled-out fiber at moderate τ0 (0GP), Fig. 16 (b) illustrates surface
scratch at high τ0 (40%GP), while Fig. 16 (c) illustrates fiber damage at excessive τ0
(100%GP). With the increase in τ0 being attributed to matrix compacity, the latter need to be
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optimized to obtain moderate τ0 to promote fiber pull-out over fiber rupture and foster strainhardening, in consequence [3, 7, 9].
Therefore, the effect of the nanoscale CF as an interface material can be perceived to promote
a polymer-polymer interaction (between CF and PVA) as shown in Fig. 17 (a) and (b). This
can reduce the excessive frictional forces between the PVA fiber and the matrix and lead to
lower τ0. Likewise, the reduction in Gd observed in systems with CF can be attributed to the
interference of CF between the PVA fibers and the matrix. This reduces the contact sites
between the PVA fibers and the matrix or dilute the concentration of active cations from the
matrix (particularly Al3+ and Ca2+) responsible for the affinity between the PAV fibers and
the matrix [13, 14]. Lowering Gd reduces the likelihood of fiber delamination [15] and
contributes towards enhancing the ductility at the composite level. On the other hand,
lowering Gd can cause fiber/matrix debonding at relatively lower load (as observed herein
in SHCC incorporating CF). This was found elsewhere to contribute towards higher
complementary energy 𝐽𝑏, which, in trurn allows to fulfil the energy criterion and fosters
composite tensile strain capacity [18].
As for the slip hardening effect β, the remarkable impact of CF on this parameter may emerge
from a potential jamming effect created by the nanoscale CF coating the PVA fibers [Fig.
17 (a) and (b)] and meshing the matrix at the nanoscale [Fig. 17 (c)]. This can facilitate fibers
to debond at lower pull-out load (due to the reduced τ0 and Gd as explained above), but with
the jamming effect created by the surrounding CF, the sliding-out of PVA fibers may
consume supplementary pull-out load, thereby leading to the observed significant effect in
slip-hardening with β values of in the rage of ≈ 1.5.
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Fig. 14. Effect of nanomodification with cellulose filaments on pull-out response.
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Fig. 16. PVA fiber status post-single fiber-fiber pull-out test in SHCC with: (a) 0% GP, (b) 40% GP, and (c) 100% GP. The figure illustrates
fiber damage at increasing GP, which reflects the higher interface friction as well as pull-out load, but the consequent reduced slip at instances
of fiber damage.

Fig. 17. Effect of CF on SHCC: omnipresence of CF on PVA fiber surface leading to altering interface properties (a and b), nanoreinforcing
matrix (c).
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4.3 Fiber bridging capacity
Fig. 18 presents the fiber bridging stress versus crack-opening response or σ(δ) for the different
SHCC formulations. Fig. 18 (a) illustrates the effect of GP on σ(δ) where higher maximum
bridging stress (σ0) is observed with higher GP content. This is due to the higher frictional bond
τ0 associated with the increased matrix packing density and stiffness at higher GP as highlighted
earlier. The figure also indicates a decrease in the crack opening (δ0) corresponding to the
maximum bridging stress at high GP content. As a result, at high GP, the rising branch of σ(δ)
is steep while the descending branch shows softening. While this trend implies increased
composite strength at high GP content, it can adversely affect the complementary 𝐽𝑏, and lead to
a reduced composite ductility.
On the other hand, the σ(δ) for the mixtures incorporating CF indicates that while the
incorporation of CF didn’t necessarily increase the maximum bridging capacity (σ0), obviously
due to the attenuated frictional bond τ0 (section 4.2), CF enhance the capacity to withstanding
wider crack opening while maintaining higher bridging stress as reflected by the broader stress
peak in the σ(δ) curve [Fig. 18 (b)-(d)]. This can culminate into higher complementary energy
𝐽𝑏, [18]. Therefore, while the optimization of matrix packing density in HVGP allows designing
SHCC with improved strength, nanomodification with the incorporation of CF offers a multiscale reinforcing system exhibiting improved ductility. This offers a twofold opportunity for
promoting the sustainable development: valorizing an otherwise waste material (GP) into the
development of high-performance concrete and exploiting the multifunctional properties of the
most abundant (and renewable) natural polymer on the planet (cellulose).
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Fig. 18. Computed fiber bridging stress–crack opening relationship [σ(δ)]: (a) for varying GP
content, (b) effect of CF on the SHCC with 0%GP, (c) effect of CF on SHCC with 40%GP,
and (d) effect of CF on the SHCC with 100%GP.

4.4 Experimental validating of SHCC performance
To validate the results of fiber bridging capacity [σ(δ)] discussed in the previous section, an
experimental campaign involving uniaxial tensile testing was conducted on selected SHCC
mixtures. This comprises three GP contents (0, 40, and 60%) and four different CF dosages (0,
0.03, 0.05, and 0.10% of cement mass). The corresponding results are depicted in Fig. 19.
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4.4.1 Effect of replacing FA with GP on the uniaxial tensile behavior
The effect of varying GP content from 0 to 40, to 100% (in replacement of FA) on the uniaxial
tensile behavior of SHCC are depicted on Figs. 19 (a), (e), (i), respectively. The figures show
that the replacement of FA with GP increases the first cracking strength as well as the post-peak
strength identified in Fig. 19 (a) by the peaks σcc and σpc, respectively. For instance, σcc has
increased from 2.08 MPa in the SHCC with 0 GP to 3.15 and 4.47 MPa in the SHCC mixtures
with 40 and 100% GP, respectively. Likewise, σpc has increased from 3.34 MPa in the SHCC
with 0 GP to 4.00 and 5.12 MPa, respectively, in the SHCC mixtures with 40 and 100% GP.
While replacing FA with GP shows positive effect on strength properties, the ductility was
adversely affected particularly at high GP content. For instance, whereas the ultimate tensile
strain capacity (εu) was lowered from 3.01% in the SHCC with 0 GP to 2.78% in the SHCC with
40% GP, the drop in εu was more significant in the SHCC with 100% GP (εu = 0.74%).
The enhanced σcc with GP is a associated with the increase in matrix strength obtained with the
filler effect of GP as detailed elsewhere [17]. On the other hand, the enhanced σpc is attributable
to the higher τ0 observed with GP. Excessive τ0, however, reduces the ultimate strain capacity εu
as observed herein. This is ascribable to the fact that while higher frictional bond increases the
pull-out load, it can also increase the likelihood of fiber damage [Fig. 16 (b), (c)], thereby
affecting the post-cracking response and ductility. The above trend in the tensile strength
behavior validates the results of fiber bridging stress versus crack opening response σ(δ) (Fig.
18) stemming from the micromechanical theory.

4.4.2 Effect of nano-modification with CF on the uniaxial tensile behavior
Fig. 19 also depicts the uniaxial tensile behavior of nanocellulose-modified HVGP-SHCC.
Overall, the incorporation of CF significantly enhanced the tensile strain capacity (εu) with a
more pronounced effect at high GP content. In the SHCC with 0 GP [Fig. 19 (a)] which has εu
of 3.01%, for instance, the incorporation of CF at 0.03, 0.05, and 0.10% [(Figs. 19 (b), (c), (d)]
increased εu to 3.33, 3.60, and 3.78%, respectively. This corresponds to enhancements of 11, 20,
and 26%, respectively. In the SHCC with 40% GP [Fig. 19 (e)], the incorporation of CF at 0.03,
0.05, and 0.10% [Fig. 19 (f), (g), (h), respectively] increased εu from 2.78 % to 3.12, 3.54, and
3.81%, respectively. This corresponds to enhancements of 12, 27, and 37%. The highest gain in

Chapter 7: Characterization & Nanomodification of interface properties of HVGP-SHCC

338

εu was achieved in the SHCC with 100% GP [Fig. 19 (i)] which had initially the lowest εu. The
incorporation of CF at 0.03, 0.05, and 0.10% [(Fig. 19 (j), (k), (l), respectively] increased εu in
the SHCC with 100% GP from 0.74 % to 1.81, 2.56, and 2.65%, respectively. This corresponds
to enhancements of 145, 246, and 258%.
The above results indicate that with the incorporation of CF, the post-peak behavior is
significantly enhanced particularly in SHCC with high GP content. The role of CF appears to
particularly restore the loss in ductility experienced in HVGP-SHCC. The significant
enhancement in tensile ductility obtained with CF can be a result of the effect of CF on the
interface properties of HVGP-SHCC as described earlier. In fact, in systems with CF, the
interfacial bond is altered due the polymer-polymer (PVA-CF) interface friction attenuating τ0
and Gd while fostering β. In this regard, as CF imparts a characteristic slip-hardening behavior
on fiber pull-out versus slip response, the slip-hardening response can be seen to be transposed
from the micromechanical level of individual fibers to the matrix level where an enhanced
strain-hardening behavior is reflected by an increased εu as observed herein. Beside the effect
of CF on interface properties of SHCC, the improved ductility can stem from the effect of CF
as a nano-reinforcing agent providing a bridging effect at the scale of hydrates, thereby leading
not only to higher elastic modulus in the bulk matrix but also to higher micromechanical
properties of the C-S-H gel matrix (≈12-25% higher indentation modulus M) as demonstrated
in our previous work [22]. At increasing elastic modulus, the crack tip toughness 𝐽𝑡𝑖𝑝 can be
maintained at moderate levels while the complementary energy 𝐽𝑏, can be improved, thereby
leading an enhanced 𝐽𝑏, /𝐽𝑡𝑖𝑝 ratio, an essential indicator of strain-hardening behavior.
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Summary and conclusions
In this study, single-fiber pull-out (SFP) tests were conducted on strain-hardening cementitious
composites incorporating high-volume ground pozzolans (HVGP-SHCC) to characterize the
interface properties necessary for micromechanical tailoring of SHCC. A new simplified
method for preparing SFP test sample was developed. Furthermore, a novel technique for
modifying the interface properties of SHCC towards an enhance strain-hardening performance
at the composite level has also been presented. This consists of nanomodification of SHCC with
the incorporation of nanoscale cellulose filaments (CF). The following specific conclusions can
be drawn:
•

Replacement of fly ash (FA) with GP in SHCC through packing density optimization
resulted in denser matrices. This caused the frictional bond τ0 to increase significantly
(from 2.95 MPa in the system without GP to 6.84 in the system with GP), with no
significant effect on the chemical bond Gd and the slip hardening effect β. The increased
frictional bond was found to lead to higher pull-out resistance in systems with high GP
content, but fiber slip was shorter and fiber damage was more often.

•

The incorporation of nanoscale CF at dosages ranging from 0.03-0.10% allowed to
significantly alter the pull-out behavior by attenuating τ0 and Gd while imparting
remarkable β. CF allowed creating an interface between the PVA fibers and the matrix
(as demonstrated by microstructure investigation). This attenuated the excessive τ0 and
Gd and allowed fiber pull-out at lower loads, but imparted significant β of up to 1.5. this
allowed shifting the fiber pull-out (during the sliding phase) from frictional sliding to
slip-hardening. In consequence, increased pull-out load was maintained before complete
fiber pull-out.

•

The effect of GP and CF on interface properties was reflected on the fiber-bridging
capacity-versus crack-opening response. Thus, with high GP content, the maximum
bridging capacity σ0 was higher while the corresponding crack opening was lower.
Conversely, the incorporation of CF at three ranges of GP (0, 40, 100% replacement of
FA) lead to increase the capacity to sustain higher crack opening without significant
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response softening. This can be reflected by higher complementary energy and lead to
an enhanced strain-hardening at the composite level.
•

Validation of micromechanical results through uniaxial tensile tests showed that the
incorporation of GP increases both the first crack strength (σcc) as well as the post crack
strength (σpc) due to the increase matrix compacity. However, reduced tensile ductility
was observed in SHCC with high GP content due to excessive τ0 leading to fiber damage.

•

Nano-modification of HVGP-SHCC with the incorporation of CF imparted higher εu and
contributed towards restoring the loss in ductility experienced in HVGP-SHCC.

Finally, overall results indicate that when GP was incorporated in SHCC through the guidance
of particle packing, HVGP can be used to design SHCC with potentially higher strength than
that of conventional SHCC with high-volume fly ash (HVFA). Furthermore, nanocellulose
offers a new tool to nanomodify matrix and interface properties such that the adverse effect of
HVGP-SHCC on ductility can be overcome.
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Appendix I
Verification of the deformation (at fresh state) in the fiber embedded end

Series No.

I

II

Mixture name

Deformation of fiber embedded end
Mixture weight carried by
Fiber
Unit
Deformation
weight the fiber embed deformation
weight
/ Embedded
(10 -5
end
at free end
(kg/m3)
length (%)
N/mm3)
(10 -4 N/mm)
(10-4 mm)
2034
1.99
6.58
8.370
0.084

1

M100FA-0GP-0CF

2

M80FA-20GP-0CF

2037

2.00

6.59

8.382

0.084

3

M60FA-40GP-0CF

2039

2.00

6.60

8.391

0.084

5

M40FA-60GP-0CF

2040

2.00

6.60

8.395

0.084

5

M20FA-80GP-0CF

2039

2.00

6.60

8.391

0.084

6

M0FA-100GP-0CF

2035

2.00

6.59

8.374

0.084

7

M100FA-0GP-0.03CF

2021

1.98

6.54

8.316

0.083

8

M100FA-0GP-0.05CF

2018

1.98

6.53

8.304

0.083

9

M100FA-0GP-0.10CF

2015

1.98

6.52

8.292

0.083

10

M60FA-40GP-0.03CF

2032

1.99

6.58

8.362

0.084

11

M60FA-40GP-0.05CF

2030

1.99

6.57

8.353

0.084

12

M60FA-40GP-0.10CF

2027

1.99

6.56

8.341

0.083

13

M0FA-100GP-0.03CF

2025

1.99

6.55

8.333

0.083

14

M0FA-100GP-0.05CF

2023

1.98

6.55

8.325

0.083

15

M0FA-100GP-0.10CF

2015

1.98

6.52

8.292

0.083
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Appendix II
PVA fiber/matrix interface properties
Interface parameters
Chemical bond,
Pull-out work per
Series
No.
Mixture name
Frictional bond,
Slip-hardening
Gd
embedded fiber area
coefficient (β)
𝜏0 (MPa)
(J/m2)
(wp) (N/mm)
1
100FA-0GP
0.0030
2.95±0.52
2.65±0.14
1.13±0.21
2
80FA-20GP
0.0061
3.10±0.40
2.61±0.18
1.28±0.17
3
60FA-40GP
0.0057
4.30±0.80
2.60±0.14
1.84±0.20
I
4
40FA-60GP
0.0031
4.62±0.89
2.57±0.10
2.18±0.18
5
20FA-80GP
0.0023
5.57±0.92
2.52±0.16
2.76±0.14
*
6
0FA-100GP
2.45
––
6.84±0.80
3.16±0.19
7
100FA-0GP-0.03CF
2.94±0.56
0.27±0.10
1.24±0.39
1.52±0.25
8
100FA-0GP-0.05CF
2.82±0.66
0.25±0.12
1.51±0.20
1.68±0.15
9
100FA-0GP-0.10CF
2.80±0.78
0.21±0.06
1.31±0.34
1.72±0.15
10
60FA-40GP-0.03CF
3.83±0.32
0.30±0.02
1.18±0.10
1.92±0.16
II
11
60FA-40GP-0.05CF
3.13±0.41
0.18±0.05
1.05±0.16
2.09±0.13
12
60FA-40GP-0.10CF
3.03±0.33
0.13±0.07
1.07±0.12
2.26±0.18
13
0FA-100GP-0.03CF
0.004
3.61±0.45
0.58±0.10
1.63±0.12
14
0FA-100GP-0.05CF
0.005
3.42±0.20
0.22±0.12
2.42 ±0.15
15
0FA-100GP-0.10CF
0.007
3.38±0.14
0.32±0.30
2.58±0.22
* Chemical bond energy (Gd) calculated from one test as the drop Pa to Pb in pull-out load becomes less frequent at high GP
content
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CHAPTER 8

Coupling Particle Packing Optimization with
Micromechanical Tailoring for the Development of
Ecological Strain-Hardening Cement Composites
Incorporating High-Volume Ground-Glass
Pozzolans
8.1 Introduction
In this chapter, a novel formulation for ecological strain-hardening cementitious composites
(SHCC) has been developed by valorizing high-volume post-consumer ground-glass pozzolans
(HVGP). The development of this HVGP-SHCC was undertaken by coupling particle packing
optimization with the micromechanical tailoring approach such that the replacement of fly ash
(FA) by ground-glass pozzolans (GP) is systematically guided. HVGP-SHCC with GP
replacement of FA at 20, 40, 60, 80, and 100% were produced. Relative to HVFA-SHCC, the
resulting formulation exhibited higher strength and improved durability aspects (electrical
resistivity). HVGP-SHCC (with the following flow properties and 28 day-strength features)
were developed: Mini slump-flow (~250 mm), compressive strength of 60-75 MPa, flexural
capacity of 9-15 MPa, tensile strength of 3-6 MPa, and tensile strain capacity of 2-5%.
Moreover, HVGP-SHCC have significantly higher electrical resistivity implying improved
durability aspects.
These details are reported in section 8.2 in the context of article 6 under reviewed by
construction and building materials.
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8.2 Article 6- Coupling particle packing optimization with
micromechanical tailoring for the development of
ecological strain-hardening cement composites
incorporating high-volume ground-glass pozzolans

Article information
Authors and affiliations:
Ousmane A. Hisseine, PhD candidate and Canada Vanier Scholar of NSERC, Cement and
Concrete Research Group, Department of Civil Engineering, Université de Sherbrooke
A. Tagnit-Hamou, Professor and director of Cement and Concrete Research Group,
Department of Civil Engineering, Université de Sherbrooke
Article status: Under review
Journal: Construction and Building Materials
Initial date of submission: April 20, 2019
Reference: Hisseine, O. A, Tagnit-Hamou, A. (2019). Coupling particle packing
optimization with micromechanical tailoring for the development of ecological strainhardening cement composites incorporating high-volume ground-glass pozzolans. Article
Under review by Construction and Building Materials.
Titre français:
Développement de bétons écrouissants à teneur élevée en poudre de verre en utilisant une
nouvelle approche articulant l’optimisation de la compacité granulaire aux modèles
d’optimisation micromécanique.
Contribution of this article: Contributes towards achieving project object 5, namely,
leveraging the versatile opportunities offered by nanocellulose to develop a novel
nanoengineered concrete formulation, namely, a Nanomodified-Strain-Hardening
Cementitious Composite.
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Development of strain-hardening cementitious composites incorporating
high-volume ground-glass pozzolans using a novel approach coupling
particle packing optimization with micromechanical tailoring
Ousmane A. Hisseine; Arezki Tagnit-Hamou
Under Review by Construction and Building Materials

Abstract
In line with concrete ecoefficiency requirements for valorizing locally available materials, a
novel strain-hardening cementitious composite (SHCC) incorporating high-volume groundglass pozzolans (HVGP) has been developed herein. The new SHCC was designed using a
new approach that couples particle packing optimization with micromechanical tailoring.
For the former, the compressible packing density model was adopted, while for the latter,
single-fiber pull-out and fracture mechanics tests were conducted to compile model input
parameters. This compacity-based formulation yielded SHCC exhibiting higher strength
than conventional SHCC containing high-volume fly ash (HVFA). As such, SHCC
incorporating HVGP up to 100% replacement of FA were developed. The resulting
formulations exhibited (at 28 days) ~60-75 MPa compressive strength, 9-15 MPa flexural
capacity, 3-6 MPa tensile strength, 2-5% tensile strain capacity, and significantly increased
electrical resistivity. Integrating particle-packing optimization into micromechanical
tailoring drives a systematic design of HVGP-SHCC with optimized, strength, ductility, and
durability characteristics.
Author Keywords: Engineered cementitious composites (ECC); ground-glass pozzolans
(GP); high-performance fiber-reinforced cement composites (HPFRCC); particle packing
optimization; recycled glass powder (GP); Strain-hardening cementitious composites (SHCC)

1 Introduction
Strain hardening cementitious composites (SHCC) also referred to as engineered
cementitious composites (ECC) represent a relatively new class of high-performance fiberreinforced cementitious composites (HPFRCC). The most salient features of SHCC are its
exceptional ductility, remarkable tensile strain capacity in the range of 2-5% [200–500 times
that of normal concrete or conventional fiber reinforced concrete (FRC)], tight multiple
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cracking with crack width below 60 µm at 1% strain, and strain-hardening behavior with
relatively low fiber volume content, typically ≤2% [1-4]. The design of SHCC is guided by
micromechanical principles which systematically account for the mechanical interaction
between the three major composite constituents (fiber, matrix, and interface properties) when
the composite is loaded [5]. This design approach ensures that upon first cracking under
uniaxial tension, SHCC strain-hardens in contrast to common FRC which rather tensionsoften after first cracking. Thus, SHCC achieves remarkable ductility elevating it to a metallike composite exhibiting significant fracture toughness approaching that of aluminum alloys
[6]. These features were found to be intrinsically maintained across a large range of specimen
sizes. This is owing to the fact that SHCC attributes are scale-invariant and can be transposed
from centimeter-size specimens to structural scale elements [7]. As a result, SHCC found its
way in several structural applications including bridge deck link slabs [8], bridge deck
overlays, dam repairs and coupling beams in high rise buildings [9, 10].
Early generations of SHCC used silica fume as supplementary cementitious material (SCM)
and polypropylene fibers for reinforcement [1, 11]. Later, for cost-effectiveness and
ecoefficiency incentives, SHCC with high-volume fly ash (HVFA) were developed and
polyvinyl alcohol fibers (PVA) were utilized [12]. As such, for several years, HVFA has
been the most commonly used SCM in SHCC formulation [12, 17-20]. The use of FA in
SHCC enhances the workability due to its slower reactivity, additional to its sphericallyshaped smooth-textured particles reducing inter-particle friction and enhancing mixture
flowability 0. The use of FA also reduces the heat of hydration (and the associated thermal
cracking owing to its slower reactivity) and enhances composite durability by the long-term
development of mechanical strength by pozzolanic activity [12, 19, 22]. HVFA in SHCC
was also found to dilute the concentration of Al3+and Ca2+ cations [12]. Since the latter has
a strong propensity for bonding to the hydrophilic PVA fibers [23], the diluting effect of FA
turns to reduce fiber/matrix chemical bonding, increase matrix toughness, and contribute
towards higher composite ductility [12].
Despite all these benefits, HVFA-SHCC experiences reduced mechanical strength [22]. An
investigation on the effect of increasing FA/cement ratio from 1.0 to1.5 showed that the
tensile strength decreases by ~ 20% as FA content increases [12]. A reduction of 15% in
tensile strength and 40% in compressive strength were also recorded when the FA/cement
ratio was increased from 1.2 to 2.0 [19]. In the same context, a 35% reduction in tensile
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strength and a 30% reduction in elastic modulus were observed when the FA/cement ratio
was increased from 1.0 to 2.0 [21]. As such, increasing research attention in SHCC is being
directed towards improving the strength characteristics of SHCC by incorporating other
SCM or filler materials (e.g.: ground granulated blast furnace slag [13], limestone powder
[14, 15], and metakaolin [15]).
On the other hand, due to recent environmental policies in the energy sector in North
America, coal-fired power plants are in decline and so is the supply of FA [23]. Therefore,
locally available alternative SCMs are becoming more attractive as recommended by the
Canadian Standards Association [32]. Locally available alternative SCMs with a potential
strength enhancement in SHCC are required for a potential partial or full replacement of FA
in SHCC. This can reduce the CO2 invoice of SHCC and contributes towards localizing its
ingredients, hence wide spreading its implementation. One such SCM in Québec (Canada)
is the ground glass pozzolan (GP). GP obtained by grinding mixed-waste glass to the same
fineness as cement can serve as an SCM. This waste glass cannot be recycled and in the best
scenarios, ends landfilled, causing serious environmental problems. In Québec, for instance,
only 49 % of glass was recycled in 2008 [25], the rest, which is not recycled due to either
breaking, color mixing, or expensive recycling cost, is often landfilled [25]. Thus, valorizing
post-consumer glass by grinding it into GP (exhibiting pozzolanic activity) has been proven
to be a successful alternative SCM while solving an obvious environmental problem.
Over several years, GP has been valorized in various types of concrete and demonstrated a
successful partial replacement of cement in laboratory work and in field applications of
regular concrete, self-consolidating concrete, and ultra-high-performance concrete (UHPC)
[28-32]. These works and many others catalyzed the acceptance of GP as a standard SCM
by CSA [32].
Beside the ecoefficiency aspects of using GP in concrete, further salient features of concretes
incorporating GP are (i) the higher strength owing to the pozzolanic activity which forms
new pozzolanic C-S-H with very low C/S ratio and high amounts of alkalis (Na + K) and
aluminum (Al) [34], (ii) the significantly increased durability owing to the tortuosity, pore
refinement, and microstructure densification via pozzolanic activity [35, 37], and (iii)
reduced alkali-silica reaction (ASR), particularly when finer GP is used [37] or added in
conjunction with fly ash or slag [38].
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Therefore, it is legitimate to believe that the above various benefits of GP can be leveraged
to produce HVGP-SHCC with enhanced strength characteristics while promoting
sustainable development.
For this, it is hypothesized herein that, subject to optimizing GP content in SHCC, the filler
effect, the pozzolanic activity, and the intrinsic high strength of GP particles may allow
producing SHCC with higher strength while valorizing an otherwise waste material
contributing to environmental pollution. With this hypothesis in mind, the current study aims
at producing an SHCC with full or partial replacement of FA with GP such that the resulting
SHCC exhibits higher strength while responding satisfactorily to pseudo-ductility
requirements. Further, the resulting SHCC is expected to exhibit higher durability features,
given the effect of GP on durability aspects of all concrete types. To this end, the study
adopts a novel approach that combines the packing density optimization commonly used for
designing UHPC with the micromechanical tailoring approach commonly used for designing
SHCC. This coupled approach is expected to drive a systematic replacement of FA with GP
while responding to both strength and pseudo-ductility requirements hardly met with HVFA
systems. Likewise, this systematic approach allows avoiding the serendipity of trial and error
tests.
While GP has been incorporated successfully in the past in various types of concretes and
resulted in enhanced mechanical properties and durability as highlighted above, its
utilization in SHCC is rather new. One noteworthy attempt has been made to investigate the
microstructure, mechanical performance, durability, and self-healing characteristics of
SHCC incorporating GP [39]. However, the study does not present a micromechanically
formulated SHCC nor does the study attempt the SHCC behavior under uniaxial tension
which is fundamental for this type of concrete [1]. Thus, up to the knowledge of the authors,
there is no published research addressing the design of SHCC with GP using the fundamental
micromechanical approach. Research outcomes are expected to contribute to the
development of high-performance green cement composites necessary for sustainable and
resilient infrastructure systems.

2 Framework for the development of HVGP-SHCC
Pseudo-ductility performance criteria require SHCC mixtures to be designed such that the
three composite constituents (matrix, fiber, and fiber-matrix interface) are tailored to obtain
a composite exhibiting a smooth transition from the quasi-brittle behavior (of conventional
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fiber-reinforced cement composites) to a metal-like behavior [11]. This transition is
characterized by (i) a sustained or even higher load carrying capacity after matrix first
cracking associated with the steady-state cracking, (ii) sequential tight multiple cracking
until matrix peak capacity is reached, and (iii) high ultimate tensile strain capacity reaching
2-5% (200-500 times that of plain cement matrices or conventional FRC) [1]. In this study,
an HVGP-SHCC was designed under the guidance of micromechanical tailoring. The
material development involved tailoring the matrix as well as the fiber/matrix interface
properties. Matrix tailoring was undertaken through optimizing matrix compacity (by
varying the proportions of GP and FA) followed micromechanical evaluation. This was
accompanied by the assessment of the micromechanical response at the fiber/matrix
interface using the single-fiber pull-out test. In outcome, fiber bridging capacity for different
binary combinations of GP and FA were developed. Fig. 1 presents an overview of the
framework adopted in this study for the development of HVGP-SHCC. Further details about
SHCC tailoring are provided in sections 3 and 4.
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Fig. 1. Multi-scale design framework of SHCC with HVGP

Chapter 8: Development of HVGP-SHCC

357

3 Tailoring of HVGP-SHCC
SHCC mixtures developed in this study went through a two-stage tailoring process as
highlighted earlier. The first concerns the optimization of matrix packing density whereby
particle packing optimization was employed to carry a guided replacement of FA with GP
in order to primarily control matrix fracture properties (elastic modulus, tensile strength, and
toughness) and implicitly the distribution of initial flow size. Both parameters are intrinsic
determinants of pseudo-ductile behavior of SHCC. The second level concerns the
implementation of micromechanical tailoring of matrix and the fiber/matrix interface
whereby single fiber pull-out test was employed to obtain the fiber bridging capacity of
different SHCC mixtures in light of various binary combinations of FA and GP.

3.1 Particle packing optimization
In this study, GP has been used as a replacement of FA under the guidance of particle packing
optimization. To optimize particle packing, the compressible packing model proposed by de
Larrard [40] was used. Model input parameters consist of (i) the packing density (  ) of
individual particle groups and their accompanying compaction energy (K), (ii) particle size
distribution (PSD) of individual particle sets, and (iii) mixture proportions of individual
particle sets [31]. Thus, for a given packing with a given K, the model can predict the
theoretical packing density (φ) indirectly through Eq. (1)
𝛾𝑖

𝐾=

∑𝑛𝑖=1 𝐾𝑖

𝛽
= ∑𝑛𝑖=1 1 𝑖1
−

(1)

𝜑 𝛾𝑖

Where γi= overall virtual packing density of the mixture, βi=residual packing density
obtained when the dominant class i is isolated and fully packed.
The values of βi are defined as in Eq. (2) where yi is the volume fraction of the size class i.
𝛾𝑖 =

𝛽𝑖
𝛽𝑖
1
𝑖−1
1−∑𝑗−1[1−𝛽𝑖 +𝑏𝑖𝑗 𝛽𝑖 (1− )]𝑦𝑗 −∑𝑛
𝑗=𝑖+1[1−𝑎𝑖𝑗 (1−𝛽 )]
𝛽𝑗
𝑗

(2)

where bij=wall effect, the effect of larger particles on creating voids in the matrix [Eq. (3)],
and aij=loosening effect (the effect of small particles pushing larger particles apart [Eq. (4)])
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;

di > dj

(3)

;

di > dj

(4)

where di and dj represent the average particle diameters of the ith and jth size class,
respectively.

3.2 Micromechanical tailoring of HVGP-SHCC
The design of SHCC mixtures is built on tailoring matrix, fiber, and fiber-matrix interface
along with their associated parameters: [(fiber volume fraction, length, diameter, strength,
and elastic modulus, etc. for fiber); (fracture toughness, elastic modulus, and tensile strength
etc. for the matrix); and (chemical and frictional bonds, slip-hardening behavior, snubbing
effect, etc. for fiber/matrix interface)] [4, 41]. This process elevates composite development
from the serendipity of trial-and-error tests to a systematic and guided selection of theses
micromechanical parameters so that their coupled effect culminates into a composite
exhibiting pseudo-ductility at fairly low fiber volume fraction commonly ≤ 2% [1-3].
Emanating from flat crack analyses of ceramics composites reinforced with continuous
aligned fibers [42], micromechanical tailoring model was introduced in cement and concrete
composites by Li and collaborators [1, 2, 5] and was later improved by Lin et al. [42], Yang
et al. [19] and Kanda and Li [41].
The development of pseudo-ductile composites following micromechanics tailoring dictates
that for a given composite to exhibit strain-hardening behavior featured by steady-state (flat)
crack growth, two criteria must be met, or the more common Griffith crack propagation
mode will prevail, leading to quasi-brittle failure of traditional FRC matrices. The two
criteria are (i) strength criterion and (ii) energy criterion. Strength criterion requires the
matrix first crack strength (σfc) controlled by matrix fracture toughness (Km) and initial flaw
sizes to be less than fiber bridging capacity (σ0) on any given potential crack plane as
presented in Eq. (5)
σfc≤ σ0

(5)

On the other hand, the energy criterion stipulates that, for a crack (once generated) to grow
in a steady-state mode (the state where tensile strength uncouples from crack length, in
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contrast to the well-known Griffith residual strength concept relating a decreasing tensile
strength to increasing crack size [42], the following energy balance [Eq. (6)] has to be
satisfied.
𝛿

𝐽𝑡𝑖𝑝 = 𝜎𝑠𝑠 𝛿𝑠𝑠 − ∫0 𝑠𝑠 𝜎(𝛿)𝑑𝛿

(6)

Fig. 2. Fiber birding stress – crack opening width relationship as liked to pseudo-ductility
conditions

In Eq (6), it is observable Jtip reaches its upper limit under the following conditions:
𝜎𝑠𝑠 = 𝜎0
𝛿𝑠𝑠 = 𝛿0

{
𝛿
𝜎0 𝛿0 − ∫0 0 𝛿(𝛿)𝑑𝛿 ≡ 𝐽𝑏′

(7)

where σss is the steady-state cracking stress; δss is the flat crack opening corresponding to σss
(Fig. 2); Jtip is the crack tip toughness, which can be approximated as the cementitious matrix
toughness if fiber volume fraction is less than 5%, calculated as in Eq. (6); σ0 is the maximum
bridging stress which corresponds to the crack opening δ0 and 𝐽𝑏′ is the complementary
energy controlled by fiber bridging stress and determined from the σ(δ) curve.
𝐽𝑡𝑖𝑝 =

2
𝐾𝑚

𝐸𝑚

(8)

where Km and Em are, respectively, the fracture toughness of Young modulus of elasticity of
the matrix.
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In consequence of Eq. (7), for crack growth to follow a steady-state mode (necessary for
pseudo-ductility behavior), the crack tip toughness should not exceed the complementary
energy as below:
𝐽𝑡𝑖𝑝 ≤ 𝐽𝑏′

(9)

As such, for a matrix to exhibit a tensile strain-hardening behavior, both criteria (strength
and energy) must be satisfied. Otherwise, the tension-softening behavior of traditional FRC
will prevail. In this regard, while some conventional FRC may satisfy the strength criteria
(governing the range of matrix flaw size), the energy criteria (governing the propagation of
steady-state crack) excludes most conventional FRC and is only met with micromechanically
tailored SHCC.
In the context of the current study, fiber (RECS 15 PVA fiber) parameters were kept
constant, while the matrix and the fiber/matrix interface parameters were subjected to
micromechanical tailoring. Matrix parameters (influenced by variable GP replacement of
FA) were obtained by fracture toughness, elastic modulus, and direct tensile strength tests
of non-fibrillated matrices. On the other hand, fiber/matrix interface parameters were
obtained through the single-fiber pull-out test. The compiled micromechanical parameters
were used to develop the σ (δ) curve for the different HVGP-SHCC formulations.

4 Experimental Program
The experimental program involves two phases. The first phase was conducted on plain
matrices (fibreless or suspended mortars) and deals with the effect of GP on micromechanics
parameters (matrix elastic modulus (E), fracture toughness (Km), ultimate tensile strength
(σfc), and fiber/matrix interface properties). The second phase concerns the composite
performance where the effect of different GP content on composite compressive strength,
flexural capacity, and direct tensile behavior was evaluated. Details about the experimental
program are provided in the following sections.

4.1 Materials properties
SHCC ingredients in both experimental phases include high-sulfate-resistance cement (type
HS) with low C3A content, type F- fly ash (FA), type GH glass powder (GP), and quartz
sand (QS). Type HS cement was chosen to optimize mixture flowability, owing to the low
C3A and C3S contents allowing better flow properties [44]. The cement has a specific gravity
(SG) of 3.18, Blaine fineness of 438 m2/kg, and mean particle diameter (d50) of 12 µm. The
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FA used in the study fulfills the requirements of CAN/CSA A3000 specifications and has an
SG of 2.55, Blaine surface area of 363 m2/kg, and d50 of 17. The GP used herein is of high
alkali content and has an SG of 2.51 and d50 of 27 µm. As for the QS, it has an SG of 2.70,
maximum particle-size (dmax) of 600 µm, and mean particle-size (d50) of 250 µm. Table 1
presents the chemical composition and physical properties of all granular materials used in
this study, Fig. 3 provides their particle-size distribution, and Fig. 4 presents scanning
electron microscope (SEM) micrographs of FA [Fig. 4 (a)] and GP [Fig. (b)] used in this
study. Polyvinyl-alcohol (PVA) fibers (Fig. 5) were added at 2% per volume of suspended
mortar. The fiber has 38 µm diameter and 8 mm length, 40 GPa elastic modulus and 1400
MPa tensile strength.
Table 1. Chemical compositions of powders and granular materials used in the study
Composition
SiO2
Fe2O3
Al2O3
CaO
TiO2
SO3
MgO
Na2O
K2O
ZnO
LOI
C3S
C2S
C3A
C4AF
Blaine (m2/kg)

Quartz Sand

Type HS Cement

Type F Fly Ash

Type GH Glass Powder

99.8
0.04
0.14
0.17
0.02
––
0.008
––
0.05
––
0.2
––
––
––
––

22
4.3
3.5
65.6
0.2
2.3
1.9
0.07
0.8
0.09
1.0
50
25
2.0
14

53.7
5.6
17.5
12.4
––
––
2.1
1.6
2.0
––
1.8
––
––
––
––

73.00
0.40
1.50
11.30
0.04
––
1.20
13.00
0.50
––
0.60
––
––
––
––

438

363

308
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Fig. 3. Particle size distribution of SHCC ingredients

Fig. 4. SEM micrographs of SHCC ingredients: (a) HS Cement, (b) Class F Fly ash, and
(c) Glass powder, (d) Quartz sand

Fig. 5. SEM micrographs of polyvinyl alcohol (PVA) fibers (RECS 15) used in this study
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4.2 Mixture proportions
A basic SHCC mixture with FA/cement ratio of 1.2, QS to binder ratio of 0.35 and a waterto-binder (w/b) ratio of 0.28 was considered. A total of six SHHC mixtures were developed.
The mixtures consist of different ternary (cement, FA, GP) blends with variable binary
combinations of GP and FA (GP in replacement of FA at 0, 20, 40, 60, 80, and 100%) as
shown in Table 2. The replacement of FA with GP was guided by the optimization of matrix
packing density. The resulting mixtures were then tailored via the micromechanics design
approach of SHCC proposed by Li et al. [1, 2, 5]. This resulted in a coupled tool blending
the particle packing optimization to ensure high strength, with the micromechanical tailoring
approach to ensure high ductility.
Mixture nomenclature consists of two parts, the first designating the percentage of FA (based
on FA/cement ratio of 1.2) and the second designating the percentage of GP in replacement
of FA. In any mixture, the binary combination of FA and GP adds up to 100 and corresponds
to (FA+GP)/ cement= 1.2. For instance, the mixture 100FA-0GP refers to the reference
formulation with FA/cement=1.2 without any GP added. The mixture 60FA-40GP
corresponds to 60% FA content with 40% FA content replaced with GP. While the mixture
0FA-100GP refers to complete replacement of FA with GP. A poly-carboxylate (PCE)-based
high-range water reducing admixture (HRWRA) with a SG of 1.09 and solid content of 40%,
fulfilling the requirements of ASTM C494 Type F admixtures [45] was used to secure the
target mini-slump flow diameter of 300±15 mm for phase 1(suspended mortar) and 250±15
mm for phase 2 (fibrillated matrix).
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Table 2. Mix design of HVGP SHCC
Mixture Composition (kg/m3)

No.

Packing

Mixture name
Cement

Fly ash
(FA)

Glass powder Quartz sand
(GP)

(QS)

Water

Water/binder

density

(W/B)

HRWRA
(solid extract)

(PD)
1

M100FA-0GP

597

717

––

460

366

0.28

0.64

3.251

2

M80FA-20GP

597

576

143

459

365

0.28

0.66

3.609

3

M60FA-40GP

596

429

286

459

364

0.28

0.70

4.433

4

M40FA-60GP

595

286

429

458

364

0.28

0.71

4.802

5

M20FA-80GP

595

143

576

458

363

0.28

0.73

6.172

6

M0FA-100GP

593

––

717

458

360

0.28

0.74

9.136
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4.3 Mixing procedures and specimen preparations
Batching of different SHCC mixtures was carried out using a pan mixer of type Mortarman
360 (Imer, CA, USA). In an attempt to deflocculate powder agglomerates and enhance
mixture homogeneity, all powders and granular materials were dry–mixed for 7 min prior to
adding water and HRWRA. In the second step, 90% of the HRWRA diluted into 95% of the
mixing water was added to the mixer slowly during 0.5 min then mixing continued for 2.5
min. As the rheology of SHCC is quite delicate, the remaining 10% of HRWRA is left for
final adjustment of mixture flowability such that the exact HRWRA would be determined
on a performance basis. In the third step, the mixer was stopped for 0.5 min to scrape its
blades and edges then mixing continued for another 1 min. The consistency of the suspended
mortar was then checked such that when a mini-slump flow diameter of 300 ± 20 mm was
obtained [46], only the remaining water is added (after adjustment of the amount of water
contained in the unused 10% of HRWRA). Otherwise, a gradual amount of HRWRA is
added (along with an adjusted amount of the remaining 5% of water) until the desired 300 ±
20 mm mini-slump flow diameter is achieved.
For phase I experiments (conducted on plain SHCC) to characterize micromechanical
parameters (E, Km and interface properties), the resulting mixture was cast into the required
test specimens. On the other hand, for phase II experiments involving the performance of
SHCC as a composite (in the presence of PVA fibers), the PVA fibers were added slowly
during 1 min. Mixing continued for another 3 minutes to allow PVA fibers to be evenly
dispersed. Finally, following 2 minutes of rest, concrete is remixed for 1 minute then cast
for the different tests. Specimens for mechanical properties were covered with plastic sheets
and kept in a room with relative humidity and temperature of approximately 50% and 23 oC,
respectively then demolded 24±1 h later. The specimens were then sealed inside plastic bags
then transferred for storage in a fog room at 100% RH and 22 oC temperature until the age
of testing. The different test methods adopted to execute the experimental program are
elaborated in the following sections.
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4.4 Test methods
4.4.1 Packing density
Using the CPM [40], the packing density (φ) of different SHCC with varying combinations
of FA and GP were determined. Input parameters include:(i) the particle size distribution
(PSD) of each granular material, (ii) the packing density (  ) of each granular material and
the corresponding compaction energy (K), and (iii) mixture proportions [49]. The packing
density (  ) for the powders, namely, Cement, FA, and GP (d50 <125 µm), was indirectly
obtained from the Vicat water consistency test [48] which allows to determine the minimum
water necessary for normal consistency (a needle penetration of 10±0.5 mm). According to
references [49], this test allows to correlate between the minimum water demand (w) and the
void content in the mixture such that the packing density



can be obtained from the

following relationship (Eq. 10):
=

1

(10)

1 + s (w )
s

where, ρs= density of the solids, w =mass of water mass, and s=mass of solids.

As for the Quartz sand (QS) where d50 ≥ 125 µm, a dry-packing by the gyratory intensivecompaction-test (ICT) method [46] was used to determine the packing density



as in the

following equation (Eq. 11):

∅=

𝑤

(11)

𝑉𝑐 .𝑆𝐺

where w=weight of QS, SG=specific gravity of sand, Vc=volume of container

Following these procedures, the value of



for cement, FA, GP, and QS were determined

as 0.56, 0.58, 0.49, and 0.61, respectively. The packing index (K) which depends on the
compaction method was obtained from [40] as K= 6.7 for the powders (cement, FA and GP)
and K= 9.0 for QS. The value  and the accompanying K, the PSD, as well as mixture
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proportions in terms of individual particle groups were used as input in the CPM to calculate
the packing density (φ) of the different SHCC formulations.

4.4.2 Fresh properties
The unit weight, air content (ASTM C 185) [50], and mini-slump flow test (ASTM C 1437)
[51] were measured to evaluate the fresh properties of different SHCC formulations for both
test phases.

4.4.3 Phase I Tests: Micromechanics and fracture tests on SHCC matrix
To compile the parameters required for micromechanical tailoring of SHCC mixtures,
fracture toughness, direct tension, and single fiber pull-out tests were conducted on the plain
(non-fibrous) elements.

4.4.3.1 Matrix elastic Modulus
Elastic modulus of the matrix (Em) was evaluated on 100×200 cylinders at 28 and 91 days
following the procedures described in ASTM C469 [52].

4.4.3.2 Matrix fracture toughness
Fracture toughness (Km) test was performed following a procedure adapted from ASTM
E399 [53]. The test was conducted on 100×100×400 mm prisms (of 25 mm deep, 3 mm
central notch) tested in three-point bending configuration in a displacement-controlled mode
using a displacement rate of 0.05 mm/min. The notch depth was subsequently remeasured,
and Km was calculated according to Eq. 12 below:
𝑃 𝑆

𝑎

𝐾𝑚 = 𝐵𝑊𝑄3/2 ∗ 𝑓(𝑤)

(12)

where PQ is the applied load, S the span width, B the prism height, w the specimen depth,
and f (a/w) is a calibration factor (ranging between 1.91 and 2.18 with respect to the accurate
notch depth) [11, 53]. Test set-up for evaluating Km is depicted in Fig.6 which also illustrates
the variable used in Eq. (12). While the adapted test guidelines were initially set for metals
and alloys, the fracture toughness obtained based on this method is also reliable for cement
composites with maximum aggregate size of 1000 µm [11], such as the case of the SHCC
developed herein with maximum QS size of 600 µm.
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Fig. 6. Fracture toughness test: (a) Test set-up illustrating the variables used in Eq. (12),
and (b) Test samples

4.4.3.3 Direct tensile strength
This test was carried-out on dog-bone shaped coupons (Fig. 7) in order to determine the
tensile strength of the plain matrix (σfc). The test was conducted under a displacementcontrolled mode at a rate of 0.2 mm/min. The test set-up is equipped with a 24.4 mm wire
extensometer attached at the middle of sample. This is supplemented with a laser-type
extensometer such that all elastic and plastic deformations are well captured. This is
particularly important for phase II tests where at composite level, SHCC coupons subjected
to uniaxial tension develop intensive multiple cracking extending beyond the reading range
of the laser extensimeter, which lead to relaxation in the reading. The use of laser
extensometer in companion allows correcting such errors.

Fig. 7. Uniaxial tension test: The figure illustrates sample dimensions (left) and test
configuration (right)
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4.4.3.4 Single fiber pull-out
Single fiber pull-out test (SFPT) was conducted to evaluate fiber/matrix interface properties
necessary for micromechanical modeling. Owing to the high precision requirements in
SFPT, a miniature load cell of 5-N capacity of Zwick type (ZwickRoell, Germany) was used
for this purpose. Test was conducted under a displacement-controlled mode at a rate of 0.2
mm/min in consistence with the loading rate adopted for the direct tension coupon tests. To
minimize elastic stretching, the fiber was gripped at less than 1 mm from the matrix top
surface. Fig. 8 (a) illustrates the test set-up of SFPT, while Fig. 8 (b) depicts the actual test
configuration where two PVA fibers are visible one of which being tested. For each mixture,
4-7 successful SFPT were obtained. Following the above procedures, fiber pull-out load
versus fiber slip response was recorded for all mixtures. This allowed to determine
fiber/matrix interface properties in in terms of frictional bond (τ0), chemical bond (Gd), and
slip hardening coefficient (β). These properties were further used to characterize the fiber
bridging capacity and develop fiber-bridging stress versus crack-opening response σ(δ) for
the different formulations.

Fig. 8. Single-fiber pull-out test: Schematic of test set-up (a), actual test configuration with
a focus on a single fiber being pulled from the matrix (b)

4.4.4 Phase II Tests: Performance of SHCC composites
Tests conducted in Phase I constitute the groundwork for the development of SHCC. The
developed SHCC mixtures were then evaluated for hardened performance in terms of direct
tensile strength (ft), flexural capacity (ffl), compressive strength (fc), and durability aspects
(bulk resistivity, 𝜌). The ft was evaluated at 28 days following the same procedures and
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specimen dimensions described earlier for the case of plain matrix (section 4.4.3.3). The ffl
was evaluated on 100×100×400 mm prisms (ASTM C78-18) [54] at 28 days. Flexural tests
were performed under four–point bending configuration in a displacement-controlled mode
using a displacement rate of 0.05 mm/min. The fc was assessed on 50×50×50 mm cubes
(ASTM C109-16) [55] at 1, 7, 28, 56, and 91 days.
To assess the durability aspects of SHCC as a composite, the electrical bulk resistivity was
used as alternative to the most widely adopted rapid chloride permeability (RCP) test. As
the RCP test itself relies on measuring the total electrical charge (passing through a specimen
subjected to a standard voltage) to provide an indication of the ability of concrete to resist
chloride-ion penetration, this test has been argued to directly measure chloride permeability
[56]. Rather, RCP test was developed by correlating a measured charge to the total chloride
penetrating to a depth of 41 mm of reference slabs subjected to a 90-day ponding test [57].
For this, the electrical bulk resistivity as used in this study can be an alternative tool for
performance-based evaluation of concrete resistance to chloride ion penetrability. The
electrical resistivity was evaluated on 50×50×50 mm SHCC cubes at 1, 7, 28, 56, and 91
days. All measurements were taken right after removal from the curing room to ensure
comparable moisture state. Two electrodes were placed on the two ends of the specimen, a
voltage was applied, the potential difference was recorded and electrical resistivity was
determined as 𝜌 = 𝑅. (𝐴/𝑙), with R being the electrical resistance (Ω), A being the crosssectional area of the specimen (m²), and ℓ being specimen length (m). Durability was then
assessed based on different electrical resistivity classes [58].

5 Results analysis and discussions
5.1 Results of SHCC matrix used for micromechanical investigation
5.1.1 Optimization of matrix packing density
The packing density for the different SHCC formulations are reported in Table 2. Results
indicate that incorporating GP increased the packing density from 64% in the reference
SHCC (with no GP) to 66, 70, 72, 73, and 74%, respectively, in the SHCC mixtures with 20,
40, 60, 80, and 100% replacement of FA with GP. This is further substantiated by the
combined particle size distribution (PSD) for the different SHCC formulations depicted in
Fig. 9. The figure indicates that at increasing replacement of FA with GP, a wider range of
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particle size is obtained and higher packing density is achieved, taking into account particle
form. The influence of incorporating GP on increasing the packing density can also be
explained by the effect of the gradation of different granular materials (PSD) presented
earlier in Fig. 2. The figure shows that the PSD curve for GP falls between that of QS from
one side that of FA and cement from another side. The incorporation of GP facilitates filling
the particle gap between QS and the powders. In other words, GP (with a mean particle size
(d50) of 27 µm) being coarser than both cement (d50 = 12 µm) and FA (d50 = 17 µm) can
allow filling the particle gap between the binders (cement and FA) and the QS (d50 = 250 µm)
at smaller volume than equivalent mass of cement or FA. Additionally, when the larger GP
particles replace the relatively smaller FA particles, the space occupied by every single larger
GP particle (replacing few FA particles) does not contain voids anymore. As such, more
volume becomes occupied by solid particles, thereby reducing the void space and increasing
the compacity [59]. While it is largely believed that FA particles with their spherical shape
[Fig. 5(b)] would minimize inter-particle friction; thereby increasing packing density, it
should be noted that incorporating the irregularly shaped GP particles [Fig. 4 (b)] may not
necessary harm packing density. Rather, it can improve compactness by providing more
inter-particle friction [59]. The effect of GP on increasing the packing density can also be
associated with the tendency of flaky GP particles towards forming a layered stacking [41].
While the increased packing density observed with GP can improve SHCC composite
strength commonly lacked with HVFA is used [9, 11, 10, 12], it should be taken into
consideration that higher packing density increases matrix fracture strength (Km) [1, 3, 5].
2
Increasing Km results into higher crack tip toughness (𝐽𝑡𝑖𝑝 = 𝐾𝑚
/𝐸𝑚 ) which is a non-

favorable feature for maintaining a steady-state cracking necessary for pseudo-ductility
behavior of SHCC. Therefore, despite the potential gain in mechanical strength to be
obtained by replacing FA with GP, strain-hardening criteria would require matrix packing
density to be optimized (rather than maximized) as to be detailed in subsequent sections.
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Fig. 9. Combined particle size distribution for the different SHCC formulations

5.1.2 Fresh properties
Table 3 presents the fresh properties of plain SHCC mixtures used for the micromechanical
investigation. In retrospect to Table 2, results of fresh properties indicate that the
incorporation of GP increases the demand in high-range water reducing admixture
(HRWRA). In the presence of GP in SHCC, GP particles tend to fill-up the inter-particle
space, thereby decreasing the space available for particle dynamics [59]. Thus, additional to
the paste needed to fill-up the inter-particle space, an excess amount of paste is needed to
lubricate the mix and give it enough workability. This explains why at increasing GP content,
the demand in HRWRA also increased. On the other hand, the increase in HRWRA in the
presence of GP may be associated with the excess inter-particle frictional forces generated
by the irregularly-shaped, rough-edged glass particles [Fig. 3 (b)] as compared to the
spherically-shaped smooth-surfaced FA particles [Fig. 3 (a)]
Therefore, for a target mini-slump flow diameter of 300±20 mm in the suspended mortar,
the incorporation of GP led to higher demand in HRWRA. In the context of developing
HVGP-SHCC, the slump flow of 300±20 mm in the suspended mortar was established with
testing as a key requirement to obtain a flowable and stable SHCC mixture whereby the PVA
fibers can be evenly distributed and strain-hardening behavior can be obtained. Thus, with
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adequate adjustment of HRWRA, the slump flow of 300±20 mm in the suspended mortar
was achieved across all mixtures (Fig. 10). This allowed to obtain SHCC mixtures exhibiting
self-consolidating ability with a slump flow of ~250±20 mm as well a strain-hardening as
to be detailed later.

Table 3. Fresh properties of SHCC plain formulations used for the micromechanical
investigation
Fresh properties
No.

Mixture name

Slump-flow
diameter
(mm)

1
2
3
5
5
6

M100FA-0GP
M80FA-20GP
M60FA-40GP
M40FA-60GP
M20FA-80GP
M0FA-100GP

315
310
310
305
305
300

Air content
(%)
4.25
4.13
3.90
3.91
4.36
4.41

Unit
weight
(kg/m3)
2034
2037
2039
2040
2039
2035

Temperatur
e (oC)
21
20
22
21
21
23

Fig. 10. Typical slump flow in the suspended mortar (a) and in the SHCC as a composite (b)
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5.1.3 Micromechanical investigation

5.1.3.1 Effect of glass powder on micromechanical properties
Table 4 presents the results of the micromechanical investigation conducted in this study.
With fiber parameters kept constant throughout this study, the table presents matrix and
fiber/matrix interface parameters involved in constructing the σ(δ) response for the different
SHCC formulations considered herein. Results of matrix parameters indicate that the
incorporation of GP results into relatively higher elastic modulus (Em), and significantly
higher fracture toughness (Km) and first crack strength (σfc). This can be attributed to both
physical and chemical effects imparted by GP whereby the increased matrix compacity
discussed in the previous section lowers the porosity and results into higher strength. On the
other hand, the pozzolanic activity by GP can contribute towards forming new hydrates
contributing to pore refinement and increasing matrix strength [28]. Nonetheless, since GP
is used herein in replacement of FA which also exhibits pozzolanic activity and considering
the late reactivity of GP [29], the effect of packing density on the observed matrix strength
is likely to be more significant.
As for fiber/matrix interface parameters, the chemical bond (Gd) recorded a relatively
decreasing trend with increasing GP content. The frictional bond (τ0) increased significantly
with higher GP, while the slip hardening effect was negligible. The relatively decreasing Gd
can be attributed to the effect of GP on altering the concentration of chemical species at the
fiber/matrix interface. According to [9], the chemical adhesion between the hydrophilic PVA
fibers exhibiting excess bonding to cement and high-volume fly ash (HVFA) matrix is
governed by the metal cation concentration at the fiber/matrix interface, in particular Al 3+
and Ca2+ [23, 23]. In this regard, the replacement of FA GP can be perceived to reduce the
concentration of Al3+ and Ca2+ cations at fiber/matrix interface and result into a reduced
chemical bonding between the matrix and the fibers as observed herein.
On the other hand, τ0 increased significantly with the incorporation of GP. The increase in
τ0 is a direct implication of the higher compacity obtained with GP. At increasing GP content,
the fiber/matrix interfacial transition zone become denser and stiffer, thereby increasing the
frictional forces at pull-out. This feature can be viewed advantageous to increase the pullout resistance of fibers, hence, to lead to SHCC exhibiting higher strength as targeted in this
study. Tantamount, owing to the direct correlation between τ0 and the maximum bringing
stress (σ0), if fiber rupture is to be ignored, it follows that higher τ0 has the potential to increase

Chapter 8: Development of HVGP-SHCC

375

overall matrix ductility [38]. Nonetheless, it should be noted that excessive τ0 can lead to
fiber rupture or fiber surface damage [63], thereby reducing the slip distance and lowering
composite ductility [43].
The effect of varying GP content on the slip hardening behavior is not evident. Negligible
slip hardening (β≈ 0) was noticed at varying GP content. Nonetheless, it was observed that
during single fiber pull-out tests, the frictional sliding phase is often characterized by
constant friction (β= 0) at lower GP content. At high GP content, however, this behavior
shifted towards fiber premature rupture or surface damage due to excessive frictional bond
[63].

5.1.3.2 Effect of glass powder on fiber bridging capacity
The above results pertaining to the matrix and fiber/matrix interface parameters were used
to construct the σ(δ) response shown in Fig. 11. The figure indicates that with increasing GP
content, the maximum bridging stress (σ0) increases. This is a direct consequence of the
higher τ0 associated with the increased matrix packing density and stiffness as highlighted
earlier. Fig. 11 also indicates that the crack opening (δ0) corresponding to the maximum
bridging stress decreases with increasing GP content. As a result, the commentary energy 𝐽𝑏,
[computed from the σ(δ) curve] is lower with higher GP. On the other hand, in consequence
to the higher matrix elastic modulus Em and matrix fracture toughness Km (with the
incorporation of GP) as discussed earlier, the matrix crack tip toughness (Jtip) is also higher
(Table 4). Considering these micromechanical data, Table 4 indicates that all HVGP-SHCC
formulations satisfy well the strength criterion (σfc≤ σ0) for strain-hardening behavior as
reflected by σ0/σfc > 1.45 recommended by [41]. Satisfying the strength criterion of SHCC
ensures that the bridging stress σ0 carried by the fibers across cracked sections remains
always higher than the cracking strength of the plain matrix σfc, or a quasi-brittle failure of
conventional fiber reinforced concrete would take place [1, 4, 5]. Table 4 also indicate that
all SHCC formulation developed herein satisfy the energy criterion (Jtip ≤ 𝐽𝑏, ) for strainhardening behavior as reflected by 𝐽𝑏, /Jtip> 1.0 [1]. Satisfying this criterion ensures that, the
matrix-cracking governed by the strength criterion (once occurred), propagates in a steadystate mode, otherwise non-stable crack propagation prevails, limiting the development of
multiple cracking, thereby failing in quasi-brittle manner [42]. While some conventional
FRC may satisfy the strength criterion, only micromechanically tailored cement composites
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demonstrate the ability to simultaneously satisfy strength and energy criterion both of which
are fundamental requirements of a pseudo-ductile metal like behavior.
Nonetheless, results indicate that the index 𝐽𝑏, /Jtip decrease with higher GP content. Strictly
speaking, at 𝐽𝑏, /Jtip < 1.0, no multiple cracking can develop [1]. The reduced 𝐽𝑏, /Jtip index in
systems with high GP content is a consequence of their higher matrix strength particularly
Km and reduced δ0 which lead to lower 𝐽𝑏, but higher Jtip. These parameters are highly
influenced by the fiber/matrix interface parameters. In line with these observations, the σ(δ)
responses plotted in Fig. 11 demonstrate that at low GP content, σ(δ) curve have relatively
lower σ0 peak but a broader softening branch in consequence to the reduced τ0. On the other
hand, at increasing GP, σ0 peak increases while the softening branch narrows down in
consequence to the increased τ0.
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Fig. 11. Computed fiber bridging stress–crack opening relationship (σ–δ) for varying GP content
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Table 4. Results of micromechanical investigation and SHCC strain-hardening indicators
Interface parameters

Matrix parameters

No

Mixture name

SHCC composite pseudo-ductility performance
Maximum

Comple-

Elastic

Fracture

First crack

Frictional

Chemical

slip

bridging

mentary

modulus,

toughness,

uniaxial

bond,

bond,

hardening

stress,

energy,

Km

strength,

τ0

Gd

(MPa. √𝑚)

σfc

(MPa)

σ0

𝐽𝑏,

(MPa)

(J/m2)

Em
(GPa)

coefficient,
2

(J/m )

β

(MPa)

Crack
tip
toughness,
Jtip

𝐽𝑏,
𝐽𝑡𝑖𝑝

𝜎0
𝜎𝑓𝑐

(J/m2)

1

M100FA-0GP

22.50±0.48

0.68±0.05

2.59±0.11

2.95±0.52

2.65±0.14

0.003

4.82

64

20.5

3.12

1.86

2

M80FA-20GP

22.75±0.56

0.69±0.04

2.52±0.08

3.10±0.40

2.61±0.18

0.006

4.91

34

20.9

1.63

1.95

3

M60FA-40GP

23.12±0.32

0.71±0.03

2.59±0.05

4.30±0.80

2.60±0.14

0.007

5.04

29

21.5

1.35

1.95

4

M40FA-60GP

23.10±0.55

0.73±0.06

2.74±0.09

4.62±0.89

2.57±0.10

0.001

5.22

27

22.8

1.18

1.91

5

M20FA-80GP

23.00±0.41

0.79±0.07

2.73±0.12

5.57±0.92

2.57±0.16

0.004

5.27

33

26.6

1.23

1.93

6

M0FA-100GP

22.81±0.11

0.81±0.06

2.81±0.10

6.84±0.80

2.56

–– **

5.20

31

28.1

1.10

1.85

** No slip hardening was observed as fiber rupture was more common at increasing GP content
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5.2 Results of SHCC composite performance
5.2.1 Compressive strength
Fig. 12 presents the development of compressive strength (fc) up to 91 days for series I SHCC
mixtures. The overall trend of strength development is strongly contingent to GP content
and curing age. For up to 40% replacement of FA with GP, fc is comparable (or slightly
higher) to that of the reference mixture (0 GP) until 7 days. Beyond 7 days, higher fc was
obtained with GP. On the other hand, starting from 28 days, all GP contents showed higher
strength than that of the reference, with the strength enhancement being more significant at
lower replacement level of FA with GP (≤40%). For instance, at 91 days, up to ~14 and 12
% higher fc can be achieved with 20 and 40% GP, respectively. The effect of GP on strength
development is linked to both physical and chemical effects. While the increased packing
density and the pozzolanic activity led by GP may imply higher strength, this is not evident
at early ages when high GP content is used. The reason is that high GP content may dilute
cement and reduce the formation of cement hydration products at early-age [30]. On the
other hand, given the late pozzolanic activity of GP [29], the strength (comparable or slightly
higher than that of the reference) achieved with of GP (≤40 replacement of FA) at early ages
(1-7 days) can be partially attributed to the packing density, and to a catalyst effect whereby
the high alkali content of GP may foster the hydration of FA in HVFA systems [65]. At later
curing ages, however, both packing density and pozzolanic activity can influence strength.
As such, the observed trend of strength development in systems with GP can also be linked
to the strength activity index (SAI) which assesses the strength development of a blended
system relative to that of a system with Portland cement [66]. A comparison of SAI of GP
(with Blaine values in the range of 264-582 m2/kg, which includes the Blaine of the tested
GP=308 m2/kg) to that of Class-F FA (with 73.6 % passing 325 mesh) by Shi et al. [32],
indicated that, taking into account the effect of fineness [28, 29], GP generally shows lower
SAI at early ages ( up to 7 days) but comparable or higher SAI to that of FA at later ages
(≥28 days). The effect of fineness may also explain the slightly higher strength achieved in
HVFA system incorporating GP having comparable chemical composition (to the one used
in this study) but exhibiting finer particles (Blaine=382 m2/kg) [39].
Beside the packing density with GP discussed earlier, the contribution of GP into the strength
development of FA-rich systems may also sprout from the synergetic effect between FA and
GP. In this regard, the high amount of alkalis and aluminum released from dissolution of GP
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and FA, respectively, are perceived to contribute towards forming new type of C-S-H close
to C-(N, A)-S-H, with low Ca/Si ratio with potentially higher strength [67].

Fig. 12. Evolution of compressive strength in series I SHCC mixtures

5.2.2 Tensile and flexural properties
The composite tensile and flexural properties of the developed SHCC are analyzed based on
the generalized composite behavior presented in Fig. 13 and in light of the micromechanical
behavior presented in section 5.1.3. Based on Fig 13 (a), a cementitious matrix subjected to
uniaxial tension will either exhibit a (i) brille, (ii) quasi-brittle or (iii) pseudo-ductile
response. In the first case, the tensile response is limited by the first cracking strength (σcc)
which is the case of plain concrete (PC). In the latter two cases, the tensile response is rather
controlled by the post-peak strength (σpc) whereby for a strain-hardening behavior to prevail,
the condition σpc ≥ σcc must be met [68]. For this, a multiple cracking stage is an intrinsic
feature manifested by a significant increase in the ultimate tensile strain (εu) before damage
localization and response softening occur. Otherwise, a quasi-brittle failure (whereby
beyond σcc, immediate softening follows) will prevail such as the case of conventional FRC.
An analogous scenario exists when a cementitious matrix is subjected to flexural loading
[Fig. 13 (b)]. In this case, beyond the brittle failure at first cracking load fcc, the post peak
behavior is rather characterized by either deflection softening or deflection hardening. In
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spite of this analogy, strain-hardening is more of a material property and may be taken into
account in structural design as it is scale-invariant [7]. Deflection-hardening, on contrast, is
a structural property (influenced by the dimension and cross-sectional geometry of test
specimen) and therefore is not a material property in the strict sense [68]. As such, strainhardening composites are also deflection-hardening ones, but the vice-versa is does forcedly
hold [7].

Fig. 13. Generalized response in uniaxial tension (a) and in flexure (b) for strain-hardening
cementitious composites (SHCC) as compared to conventional fiber reinforced-concrete
(FRC) and plain concrete (PC)
5.2.2.1 Direct tensile strength
Fig. 15 presents the results of uniaxial tensile behavior of series I SHCC mixtures. The figure
shows the uniaxial behavior for three test samples per mixture for each of the six replacement
rates of FA by GP (0, 20, 40, 60, 80, and 100%) [Fig. 15 (a)-(f), respectively]. As a general
observation, GP allows achieving higher first cracking strength (σcc) as well as higher postpeak strength (σpc). For the above respective GP contents, σcc has increased from 2.08 MPa
in the reference SHCC (0 GP) to 2.28, 3.15, 3.58, 3.82, and 4.47 MPa in the SHCC mixtures
with 20, 40, 60, 80, and 100% GP. This corresponds to, respectively, 10, 48, 70, 81, and
112% higher σcc. Similarly, σpc increased from 3.34 MPa in the reference SHCC to 3.65,
4.00, 4.09, 4.18, and 5.12 MPa, respectively, in the SHCC mixtures with 20, 40, 60, 80, and
100% GP. This corresponds to, respectively, ~9, 20, 22, 26 and 53% higher σpc. Thus, with
σpc ≥ σcc in all formulations, a strain-hardening behavior is expected for all tested SHCC
mixtures.
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In terms of ultimate tensile strain capacity (εu), SHCC with GP (up to 40%) have also
demonstrated satisfactory ductility as reflected by εu values comparable to that of the
reference SHCC with HVFA. The latter had εu of 3.01%, while for SHCC with 20, 40, and
60% GP, εu of 2.95, 2.78 and 2.62%, respectively, were recorded. This reveals that with
HVGP (up to 40%), there is an opportunity to increase the strength characteristics of SHCC
without dramatically jeopardizing the ductility. Nevertheless, at increasing GP content (≥
60%), lower εu was recorded. The average εu dropped from 3.01% in the reference SHCC,
to respectively, 1.0 and 0.74% in the mixtures with 80 and 100% GP replacement of FA.
The above results can be interpreted in light of matrix and interface properties in the context
of HVGP-SHCC discussed earlier. With the incorporation of GP, the increased matrix
strength (driven by the packing density enhancement and pozzolanic reactivity) justifies the
observed increase in σpc predominantly influenced by the matrix [68, 69]. On the other hand,
given the partial contribution of fiber and interface properties towards σcc [70], the increased
matrix compactness additional to the inherent irregular shape and rough-texture of GP
particles lead to higher frictional bond between matrix and PVA fibers. This resulted into
higher pull-our load, hence higher σcc. In contrast to the significantly increasing trend of σcc
with higher GP content, the post peak strength (σpc), being governed by the fiber bridging
capacity, showed a relatively lower trend. This can be associated with the effect of interface
parameters on fiber bridging capacity whereby the higher frictional bond increases the
likelihood of fiber damage (Fig. 14), thereby affecting the post-cracking strength σpc. This
can also limit composite ductility [71] as demonstrated by the reduced ultimate tensile strain
εu, particularly at higher GP content. Therefore, given the tight inverse relationship between
strength and ductility in cement composites [1, 72, 74], the recorded lower εu at increasing
GP content may be justified. Additional to the increased matrix strength and the higher
frictional bond observed with GP, the inherent higher hardness (and the consequent intrinsic
brittleness) of glass particles [75] can transpose a reduced εu in HVGP mixture.
In line with the tensile strain behavior, the multiple cracking behavior in the SHCCs with 20
and 40% GP was quite comparable to that with HVFA. However, multiple cracking slightly
decreased at 60%GP, and significantly dropped at 80 and 100% GP. This is reflected by the
frequency and intensity of load peaks inferred from the corresponding tensile stress-strain
curves. In this regard, the tensile stress-strain response in the reference and in the mixtures
with up to 60%GP were found to align with the general profile of the strain-hardening
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behavior depicted in Fig. 13 (a), while for the mixtures with 80 and 100% GP, the tensile
response was observed to shift from the strain-hardening profile of pseudo-ductile
composites towards the quasi-brittle behavior of common FRC.
These above results on the uniaxial tensile performance of SHCC at the composite level are
well in harmony with the results of our micromechanical investigation (section 5.1.3). Thus,
at higher GP content, in agreement with the trend of increasing σfc and σpc (but decreasing
εu) at the composite level, higher fiber bridging stress (σ0) accompanied with lower
maximum crack opening (δ0) was observed at the micromechanical level. This was found to
reduce the complementary energy 𝐽𝑏, . In light of the increasing Jtip driven by the higher
matrix strength in HVGP, a reduced 𝐽𝑏, /Jtip was obtained at increasing GP content. The index
𝐽𝑏, /Jtip being a key indicator for steady-state crack growth can be cross-linked with the tensile
strength behavior discussed above. Thus, the ratio 𝐽𝑏, /Jtip has dropped from 3.12 in the
reference SHCC to 1.63, 1.35, 1.18, 1.23, and 1.1 in the SHCCs with 20, 40, 60, 80, and
100% GP. This is quite in good agreement with overall composite tensile performance in
terms of tensile strain capacity εu and strain-hardening behavior.
On the other hand, composite tensile properties are also in consistence with the fiber/matrix
interface properties indicating significant increase in frictional bond (with increasing GP) at
the micromechanical level. This was found to lead to higher pull-out resistance carried by
individual fibers, but, in contrast, resulted into shorter fiber slip. The latter was also
accompanied, at instances, with higher likelihood of fiber rupture. This can be transposed
into a deceased tensile strain capacity εu at the composite scale [71].

Fig. 14. PVA fiber status post-single fiber-fiber pull-out test in SHCC with: (a) 0% GP, (b)
40% GP, and (c) 100% GP. The figure illustrates fiber damage at increasing GP, which
reflects the higher interface friction as well as pull-out load, but the consequent reduced
slip at instances of fiber damage
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Fig. 15. Uniaxial tensile behavior of Series I SHCC mixtures
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5.2.2.2 Flexural capacity
Fig. 16 presents the results of flexural capacity. Replacing FA with GP influenced both the
flexural first cracking strength (fcc) as well as the flexural post-cracking strength (fpc)
identified, respectively by A and B peaks in the generalized flexural response depicted
earlier in Fig. 13 (b). However, the effect of GP on fcc and fpc are not similar. Increasing fcc
was observed with increasing GP, while for fpc, up to 40% GP comparable values to the that
of the reference were recorded. At GP≥60%, fpc experienced a deceasing trend. As such, for
FA replacement with GP at 20, 40, 60, 80, and 100%, fcc has been enhanced from 8.47 MPa
in the reference SHCC to, respectively, 8.79, 9.10, 9.55, 10.52, and 11.14 MPa, which
correspond to 4, 7, 13, 24, and 31% higher fcc. On the other hand, as compared to the fpc
value of 14.41 MPa in the reference SHCC, fpc values for the above respective GP contents
were 14.83, 14.61, 11.20, 10.57, and 9.53 MPa. The above trend is in good agreement with
the uniaxial tensile response described in the previous section where the first cracking
strength (under uniaxial tension), σcc, recorded a significantly continuous increase with
higher GP content, while the post peak strength (σpc), showed a relatively lower trend. The
cracking strength in both cases are predominantly governed by the matrix where the
increased packing imparted by GP plays an influential role as stated earlier. Furthermore,
the higher frictional bond obtained with GP can partially contribute to withstanding higher
load. In contrast, the post-peak strength in both tension and flexure (σpc and fpc) are governed
by fiber bridging capacity. As such, the response beyond matrix rupture (fcc), is driven by
the ability of fibers to resist the pull-out effect. Thus, at cracked sections the load is entirely
transferred from the matrix via the interfacial bond to the bridging fibers. The latter transfer
the applied load to uncracked sections in the matrix, which, at event of cracking transmit
their load to available (non-puled-out or ruptured) fibers. This sequential process drives the
extended deflection capacity (Fig. 17) and the associated development of multiple cracking
(Fig. 18) and continues until no more fibers can transfer the applied load whereby the matrix
fails by damage localization (widening of single crack at a stress corresponding to fpc) [9].
In this sequence, it can be perceived that, while the higher frictional bond obtained with GP
may foster higher pull-out load, the increased likelihood of fiber rupture may limit post-peak
strength fpc (as observed herein). This can explain the reduced ultimate mid-span deflection
δu. The latter remained comparable to that of the reference SHCC for up to 40% GP, but
decreased in intensity at higher GP content. This aligns well with the trend of the ultimate
strain capacity εu observed in uniaxial tensile response presented earlier. As a result, the
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flexural response of Fig. 16 reveals that with up to 40% GP, the deflection-hardening
response as described in Fig. 13 (b) can be achieved. At GP≥60, despite the higher first
cracking strength fcc, the flexural response approaches a quasi-brittle behavior commonly
encountered in conventional FRC due to matrix and interface parameters detailed above.

Fig. 16. Flexural response of Series I SHCC mixtures
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Fig. 17. Multiple cracking and deflection capacity in HVGP-SHCC. The figure illustrates the significant deflection capacity reflected by the
remarkable curvature and tight multiple cracking while maintaining the peak post-cracking load for extended deformation
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Fig. 18. Development of cracking pattern in the different SHCC systems. Lower GP content exhibit higher multiple cracking but reduced
flexural load, while higher GP content increases the flexural capacity but experience lower ductility. SHCC with up to 40% GP record
enhanced strength and ductility. Higher GP content tend towards the quasi-brittle failure of conventional FRC
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5.2.3 Electrical resistivity
The results of electrical bulk resistivity are presented in Fig. 19. The electrical resistivity (𝜌) of
concrete is linked to the corrosion likelihood of reinforcing bars because corrosion itself is an
electro–chemical process where the rate of flow of ions between the anode and cathode (and
thus the rate of corrosion), is affected by the resistivity of concrete. As such, higher resistivity
values imply less likelihood of corrosion occurrence while lower values of resistivity imply that
corrosion occurrence is high [76]. Fig. 19 depicts the development of 𝜌 for tested SHCC up to
91 days. Based on different durability levels as related to chloride-ion penetrability reported in
ASTM C1202 [77] and their relation to electrical resistivity [58]. At early age (1 day), no clear
distinction between the different formulations can made owing to the effect of moisture content
of the still-hydrating matrices. The effect of GP becomes evident from the age of 7 days whereby
higher 𝜌 was measured. This became more noticeable at 28, 56, and 91 days whereby an
enhancement in 𝜌 of up to 17% was achieved in the SHCC with 60% GP at 28 days, 63%
enhancement in the SHCC with 80% GP at 56 days, and 33% higher 𝜌 in the SHCC with 60%
GP at the age of 91 days. Thus, while all SHCC formulations represent resistivity levels (at 28
day) corresponding to low penetrability of Cl-, systems with GP were found to exhibit
significantly higher resistivity compared to HVFA-SHCC. The enhanced electrical resistivity in
systems with GP can be correlated with the strength gain explained earlier and can also be
ascribed to the enhanced packing density, tortuosity, and pore refinement trough pozzolanic
activity [25, 34]. The pozzolanic activity, in particular, can be inferred from the age-dependence
of the increase in resistivity. The latter is thus highly associated with the formation of additional
C-S-H products densifying the interfacial transition zone, and hindering the ionic flow in the
pore network [78], despite the increased alkalinity of GP [30].
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Fig. 19. Electrical resistivity of SCC mixtures

Summary and conclusions
This study presented the development of a new strain-hardening cementitious composite
(SHCC) using high-volume ground-glass pozzolans (HVGP). The development of SHCC
(considering fly ash (FA) replacement by ground-glass pozzolans (GP) of up to 100%) went
through a novel two-stage tailoring that couples packing density optimization with the principles
of micromechanical modeling. The compressible packing density model was used to optimize
matrix compacity while for micromechanical modelling, single fiber pullout tests and fracture
tests were conducted to compile model input. Results indicate that the incorporation of GP
increases matrix compactness and results into higher strength and fracture properties. HVGPSHCC incorporating up to 40% GP replacement of FA were developed. The resulting SHCC
formulations have self-consolidation ability and exhibited (at 28 days) 60-75 MPa compressive
strength, 9-15 MPa flexural capacity, 3-6 MPa tensile strength, 2-5% tensile strain capacity, and
significantly increased electrical resistivity. Overall result support the use of GP for enhancing
the strength characteristic of SHCC with specific findings as follows:
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The incorporation of GP increases matrix strength by a combined filler and pozzolanic
effects rendering the matrix denser. As such, composite strength has been enhanced by
up to 112% in the uniaxial first crack strength, 53% in uniaxial post-cracking strength,
31% in flexural first cracking strength, 15 and 25% in 28- and 91-days compressive
strength, respectively. The increased strength obtained with GP, however, lead to
reduced ductility. Nonetheless, up to 40% GP, comparable higher strength and ductility
comparable to that of HVFA-SHCC can be achieved.

•

In line with the increased strength in HVGP-SHCC, the durability aspects as evaluated
by the electrical resistivity have also been enhanced. The following enhancement in the
electrical resistivity were recorded: 17% at 28 days in the SHCC with 60% GP, 63% at
56 days in the SHCC with 80% GP, and 33% at 90 days in the SHCC with 60% GP.
This is was found to stem from the increased compacity as well the pozzolanic activity
imparted by GP.

•

The increased strength in HVGP-SHCC, though, was found to a reduced matrix
ductility, particularly at high GP content (≥40%). This found to originate from the
increased frictional bond imparted by the inclusion of GP. Higher frictional bond
increases the maximum brdging capacity, but reduces slip distance, thereby limiting the
strain-hardening ability whereby the crack tip toughness (Jtip) increases at the expense
of the complementary energy (𝑗𝑏, ). Therefore, for optimum utilisation of GP in SHCC,
the interface properties have to be tailored such that the frictional bond is rather
optimised.

Finally, overall results demonstrate the effectiveness of using GP for enhancing the strength
of HVFA-SHCC by replacing FA by up to 40% GP to obtain composite with enhanced
strength and comparable ductility and better durability aspects. This shapes a new avenue
for developing high-performance cement composite while promoting the sustainable
development.
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CHAPTER 9

Nanocellulose for the Development of Nanoengineered Strain-Hardening Cementitious
Composites incorporating High-Volume GroundGlass Pozzolans
9.1 Introduction
In this chapter, the nanoreinforcing cellulose filaments (CF) are utilised as a tool to nanoengineer the properties of strain-hardening cementitious composites (SHCC) incorporating
high-volume post-consumer ground-glass pozzolans (HVGP) addressed in Chapter 8. In the
latter, the optimisation of matrix packing density resulted in SHCC with improved strength
relative to SHCC incorporating high-volume fly-ash (HVFA). However, at high replacement
levels of fly ash (FA) by ground-glass pozzolans (GP), namely (> 40%), the ductility of the
composite is adversely affected due to the increase in matrix strength associated with higher
compacity.
Therefore, the role of this chapter is to nanoengineer the SHCC matrix by the reinforcing ability
of the nanoscale CF to provide a sub-level crack bridging mechanism. On the other hand,
bearing in mind the high surface area of CF, their use here is also intended to modify the
interface properties between PVA fiber and the matrix towards enhanced composite
performance. Due to CF effect of increasing matrix elastic modulus (thereby reducing the crack
tip toughness) and also due to the effect of CF on altering the interface properties, composites
with CF exhibited significant increase in ductility. This allowed SHCC with as high GP content
as 100% replacement of FA to exhibit adequate ductility while demonstrating superior tensile
and flexural strength. These details are reported in section 9.2 in the context of Article 7 under
reviewed by Cement and Concrete Composites.
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9.2 Article 7- Nanocellulose for the development of nanoengineered strain-hardening cementitious composites
incorporating high-volume ground-glass pozzolans
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Nano-filaments de cellulose pour le développement de bétons écrouissants nano-modifiés à
teneur élevée en poudre de verre.
Contribution of this article: Contributes towards achieving project object 5, namely,
leveraging the versatile opportunities offered by nanocellulose to develop a novel
nanoengineered concrete formulation, namely, a Nanomodified-Strain-Hardening
Cementitious Composite.
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Development of nano-engineered strain-hardening cement composites
with high-volume ground glass pozzolans (HVGP)

Ousmane A. Hisseine; Arezki Tagnit-Hamou
Under Review by Cement and Concrete Composites

Abstract
Nanomodification of concrete has a promising potential to allow engineering concrete
properties for specific applications. This study shows how nanoscale cellulose filaments (CF)
can be used as a novel tool to tailor the properties of strain-hardening cementitious composites
(SHCC) incorporating high-volume ground-glass pozzolans (HVGP) towards improved
strength and ductility. CF was introduced (at dosages of 0, 0.03, 0.05 and 0.10% by weight of
cement) into SHCC incorporating ground-glass pozzolans (GP) in replacement of fly ash (FA)
at 0, 40, and 100%. Micromechanical guidelines were adopted for tailoring the formulations.
The performance of resulting SHCC was then validated by uniaxial-tensile and flexural tests.
Results indicate that CF allows nanoengineering matrix and interface properties by increasing
matrix elastic modulus and imparting a significant slip hardening effect. Consequently, higher
complementary energy and lower crack tip toughness were obtained, thereby leading to
enhanced ductility. Thus, while an increase in uniaxial post-peak strength of up to 23% can be
achieved with CF, the most significant effect of CF, however, was on the ultimate tensile strain
capacity (εu) which was more pronounced in the SHCC mixtures with 40 and 100%GP. Thus,
improvements in εu of up to 26, 37, and 258% were achieved for the three respective GP
contents (0, 40, and 100%). Consequently, the energy absorption capacity was enhanced with
CF by up to 52, 83, and 238%, respectively. Thus, with the incorporation of CF, it was possible
to produce SHCC with up to 100%GP replacement of FA exhibiting higher strength and
ductility, while contributing to promoting ecoefficiency.
Author Keywords: Ecological concrete, strain-hardening cementitious composites,
engineered cementitious composites, recycled glass powder, particle packing optimization,
micromechanics, single fiber pull-out, strain-hardening
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1 Introduction
In line with the eco-efficiency requirements set by the Canadian Standards Association
(CSA) [1], the use of locally available materials for concrete production is believed to foster
sustainable development [2]. In this context, a new type of strain-hardening cementitious
composites (SHCC) also known as engineered cementitious composites (ECC) has been
recently developed at the University of Sherbrooke (Canada) using high-volume groundglass pozzolans (HVGP) by coupling particle packing optimization with micromechanical
tailoring [3]. SHCC belong to the class of high-performance fiber-reinforced cementitious
composites (HPFRCC) and are characterized by: (i) exceptional ductility, (ii) remarkable
tensile strain capacity (3-11%), (iii) tight multiple cracking with crack width below 60 µm
at 1% strain, and strain-hardening behavior with relatively low fiber volume content,
typically ≤2% [4-11]. Unlike conventional FRC, SHCC are typically designed through
micromechanical principles such that the mechanical interactions between the fiber, the
matrix, and fiber/matrix interface are systematically considered when the composite is
subjected to loading [12]. As a result of these strict design guidelines, upon first cracking,
SHCC strain-hardens, develops multiple cracking, and achieves significant ultimate strain
capacity of 300–500 times that of normal concrete or conventional fiber-reinforced concrete
(FRC), which rather tension-softens after first cracking [7].These remarkable metal-like
ductility characteristics accompanied by substantial fracture toughness were found to elevate
SHCC to closely replicate the features of aluminum alloys [13] and promote the use of SHCC
in several real-life structural applications [14-17].
Initially developed with silica fume as a supplementary cementitious material (SCM) [4,18],
most of today’s SHCC formulations use high-volume fly ash (HVFA) for such several
reasons as cost-effectiveness [19], enhanced mixture workability associated with the slower
reactivity of fly ash (FA) as well as to the spherically-shaped smooth-textured FA particles
(reducing inter-particle friction) [20], increased ductility attributed to the diluting effect of
FA (reducing fiber/matrix chemical bonding and increasing matrix toughness) [19].
However, with the current policies in the energy sector leading to limiting coal-powered
electrical stations, the supply of fly ash is diminishing particularly in North America. Thus,
SHCC with other materials other than fly ash may be more attractive. This justifies the
emerging new types of SHCC such as the ones with ground granulated blast furnace slag
[21, 22], nanomineral additives [23], limestone powder [24, 25], and metakaolin [26].
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In this context, in a recent contribution of ours, a novel type of SHCC incorporating highvolume ground-glass pozzolans (HVGP) was developed through an innovative approach
coupling particle packing optimization with micromechanical tailoring; such that strength
and ductility can be optimized [3]. Ground-glass pozzolan (GP) obtained by grinding mixedwaste glass to a fineness closer to that of cement can serve as an SCM while solving a serious
environmental and socioeconomical burden; because postconsumer glass recycling is often
restrained by either glass breakage, color mixing, or expensive recycling. Thus, more than
50% of postconsumer glass in Québec ended in landfills in 2008 [27]. With an enhanced
mechanical performance (associated with pozzolanic activity) as well as durability aspects
(attributed to tortuosity, pore refinement, and microstructure densification) [28]
demonstrated in several types of concrete in laboratory as well as in-situ applications [2831], GP has been very recently accepted as a standard SCM by CSA [1].
When these advantages of GP were leveraged for producing HVGP-SHCC, the adopted
approach that couples particle packing optimization with micromechanical tailoring allowed
obtaining composites with superior strength characteristics than conventional HVFA-SHCC
[3]. HVGP-SHCC formulations with a self-consolidation ability (a mini slump-flow of ~250
mm) and exhibiting (at 28 days) 60-75 MPa compressive strength, 9-15 MPa flexural
capacity, 3-6 MPa tensile strength, 2-5% tensile strain capacity, and significantly increased
electrical resistivity were developed [3]. The enhancement in uniaxial tensile strength and
flexural capacity were particularly significant. Relative to conventional HVFA-SHCC,
enhancement of up to 112% in the first-crack strength, 53% in uniaxial post-peak strength,
and 31% in flexural first-crack strength were achieved with HVGP-SHCC [3]. The gain in
strength emerges from the optimization of matrix packing density [31, 32] as well as from
the pozzolanic activity by GP [33]. However, considering that the above gain in tensile
strength was accompanied by a decrease in ductility, particularly at GP≥60% replacement
of FA, the optimum gain in tensile strength (while maintaining comparable ductility to
HVFA-SHCC) was located at ~ 20%. The reduction in ductility in HVGP-SHCC is
primarily driven by the higher matrix strength whereby the crack tip toughness (Jtip)
increases at the expense of the complementary energy (𝑗𝑏, ). It also sprouts from the excessive
frictional bond (imparted by the denser matrix of HVGP-SHCC) contributing to fiber
damage and limiting the strain-hardening ability [34].
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One possible way to enhance the ductility of HVGP-SHCC is to consider multi-scale
reinforcement whereby nonreinforcement can be added to foster composite ductility.
Considering the microscale nature of the cracking process, the nanoscale spacing, and high
specific surface areas of nanomaterials may allow effective inception of micro-cracks [35].
As such, nanoscale reinforcement in the form of graphite nanoplatelets (GNP) and carbon
nanofibers (CNF) incorporated (at rates of 0−0.30% per cement mass) into ultra-highperformance concrete (UHPC) increased the tensile strength and energy absorption capacity
by 56% and 187%, respectively [36]. Furthermore, at an optimum GNP addition of 0.2%,
strain-hardening in tension and in flexure were observed [36]. In a similar manner, a multiscale reinforced SHC containing 0.08 wt.% graphene oxide (GO) and 2% vol. of PVA fibres
recorded 25% higher compressive strength, 38% higher tensile strength, and 81% flexural
capacity [37]. Likewise, the synergy between nanocellulose and microcellulose fibers was
found to increase the fracture energy of reactive powder concrete by more than 50% [38].
On the other hand, the incorporation of nano-carbonate whiskers (CaCO3) at 0.5% vol. in
HVFA-SHCC reduced the chemical bond (by limiting the adhesion of PVA fibers to the
matrix), increased the compressive strength by 30%, the ultimate tensile strength by 53%,
and the tensile strain capacity by 114% [39].
Therefore, it may be legitimate to believe that the incorporation of nanoscale cellulose
filaments (CF) can enhance the ductility of HVGP-SHCC. Cellulose filaments (CF) are
nanoscale rod-like cellulosic particles with a nanometric diameter (30–400 nm), micrometric
length (100–2000 µm), and high aspect ratio (100–1000). CF belong to nanocellulose
materials (NCM) such as cellulose nanocrystals (CNC); microfibrillated cellulose (MFC;
and nanofibrillated cellulose (NFC) [40]. NCM have recently emerged as highly promising
multifunctional green materials (for the development of next-generation high-performance
bio composites) fostering concrete sustainability. This is attributable to their
biodegradability, low toxicity, low environmental and health risks associated with their
production, and low production cost [41-43]. Owing to their nanoscale size, fibril
morphology, and large surface area, NCM provide new means to nanoengineer superior
composite properties necessary for versatile applications [41, 42], including cement
composites [43-47].
Previous investigations with CF indicate a viscosity modifying effect associated with the
tendency of the hydrophilic and flexible CF fibrils to form a percolating network of filaments
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bridging cement particles [45]. CF also influence the mechanical performance of cement
campsites through a combination of internal curing and nanoreinforcing effect whereby
strength enhancements of up to 18% in elastic modulus [46], 25% in flexure, and 96% in
energy absorption [44] were recorded. These effects were found to stem from higher
microstructure properties (increased degree of hydration of ∼12% and enhanced
micromechanical properties of C-S-H gel matrix of ∼12–25%) [46].
Considering the advantages offered by NCM as demonstrated in our former works [44-46]
and elsewhere [43, 47], it is perceivable that theses advantage may be leveraged towards
enhancing the ductility performance of HVGP-SHCC. To this end, it is hypothesized herein
that the effect of CF on increasing the elastic modulus (Em) of cement matrix may allow
2
attenuating the crack tip toughness (𝐽𝑡𝑖𝑝 = 𝐾𝑚
/𝐸𝑚 ), while the effect of CF as a

nanoreinforcement may enhance the complementary energy 𝐽𝑏′ such that the condition for
steady-state cracking (𝐽𝑡𝑖𝑝 ≤ 𝐽𝑏′ ) may be fostered over the common Griffith cracking. This
can contribute towards enhancing the strain-hardening behavior. Furthermore, the potential
omnipresence of the high-surface area CF (≥80 m2/g) at the interface between the
cementitious matrix and the PVA fibers, may reduce the excessive bonding of PVA fibers to
the matrix, whereby CF-PVA interactions would attenuate matrix-PVA interactions. This
may contribute towards reducing excessive frictional bonding and consequently lowering
the likelihood of fiber damage during pull-out, thereby enhancing composite ductility. In
light of the above hypothesis, the current study aims at valorizing the advantages offered by
CF towards enhancing the ductility of HVGP-SHCC such that the incorporation of CF as a
nanoscale reinforcement in conjunction with the mainstream PVA fibers may result into a
hybrid reinforced system with improved performance. The resulting HVGP-SHCC have the
potential to exhibit higher strength and ductility relative to conventional HVFA-SHCC.
Research outcomes are expected to contribute towards the localisation of ingredients of highperformance cement composites while developing greener concrete products with superior
performance.

2 Framework for the development of nanoengineered HVGP-SHCC
For the development of nanoengineered HVGP-SHCC, the current study relies on our former
work on the design of HVGP-SHCC based on coupling particle packing optimization with
micromechanical tailoring [3]. With the aim of enhancing the ductility of HVGP-SHCC,
selected formulations (with the minimum, optimum, and maximum packing density
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corresponding to, respectively, FA replacement by GP of 0, 40, and 100%) from the previous
work were considered in the current study. In light of the reduced ductility at high GP content
[3], the above mixtures were modified by the incorporation of nanoscale cellulose filaments
(CF) at rates of 0.03, 0.05, and 0.10% by mass of cement. The incorporation of CF was
intended to provide a nanoreinforcing system to the matrix as well as to attenuate the
excessive frictional bond encountered with increasing GP [34], thereby allowing for
nanotailoring matrix and interface properties. Single-fiber pull-out and fracture mechanics
tests were conducted to compile the parameters necessary for constructing fiber-bridging
stress versus crack-opening response which was used for micromechanical tailoring. In
outcome, pseudo-ductility performance as dictated by the micromechanical design approach
of SHCC was assessed for the different formulations. Finally, the performance of the
different formulations (transposed from the micromechanical investigations) was validated
by uniaxial tension and flexural tests conducted on SHCC at the composite level. Fig. 1
presents an overview of the framework adopted in this study for the development of HVGPSHCC.
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3 Micromechanical tailoring of HVGP-SHCC
The design of SHCC mixtures is built on tailoring matrix, fiber, and fiber-matrix interface
along with their associated parameters: [(fiber volume fraction, length, diameter, strength,
and elastic modulus, etc. for fiber); (fracture toughness, elastic modulus, and tensile strength
etc. for the matrix); and (chemical and frictional bonds, slip-hardening behavior, etc. for
fiber/matrix interface)]. The process of micromechanical tailoring is thus the one that
quantitatively accounts for the mechanical interaction between these three groups of
composite constituent parameters when the composite is subjected to loading [7, 48]. This
process elevates composite development from the serendipity of trial-and-error tests to a
systematic and guided selection (or otherwise modification) of theses micromechanical
parameters so that their coupled effect culminates into a composite exhibiting pseudoductility at fairly low fiber volume fraction commonly ≤ 2% [4-11]. Emanating from flat
crack analyses of ceramics composites reinforced with continuous aligned fibers [49],
micromechanical tailoring model was first introduced in cement and concrete composites by
Li and collaborators [4-7, 12]and was later improved by Kanda and Li [48], Lin et al. [50],
and Yang et al. [51].
The development of pseudo-ductile composites following micromechanics tailoring dictates
that for a given composite to exhibit strain-hardening behavior featured by steady-state (flat)
crack growth, two criteria must be met, or the more common Griffith crack propagation
mode will prevail, leading to quasi-brittle failure of traditional FRC matrices. The two
criteria are (i) strength criterion and (ii) energy criterion. Strength criterion requires the
matrix first-crack strength (σfc) controlled by matrix fracture toughness (Km) and initial flaw
sizes to be less than fiber bridging capacity (σ0) on any given potential crack plane as
presented in Eq. (1)
σfc≤ σ0

(1)

On the other hand, the energy criterion stipulates that, for a crack (once generated) to grow
in a steady-state mode (the state where tensile strength uncouples from crack length, in
contrast to the well-known Griffith residual strength concept relating a decreasing tensile
strength to increasing crack size [49]), the following energy balance [Eq. (2)] has to be
satisfied.
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Fig. 2. Fiber birding stress – crack opening width relationship as liked to pseudo-ductility
conditions
𝛿

𝐽𝑡𝑖𝑝 = 𝜎𝑠𝑠 𝛿𝑠𝑠 − ∫0 𝑠𝑠 𝜎(𝛿)𝑑𝛿

(2)

In Eq. (2), it is observable Jtip reaches its upper limit under the following conditions:
𝜎𝑠𝑠 = 𝜎0
𝛿𝑠𝑠 = 𝛿0

{
𝛿
𝜎0 𝛿0 − ∫0 0 𝛿(𝛿)𝑑𝛿 ≡ 𝐽𝑏′

(3)

where σss is the steady-state cracking stress; δss is the flat crack opening corresponding to σss
(Fig. 2); Jtip is the crack tip toughness, which can be approximated as the cementitious matrix
toughness if fiber volume fraction is less than 5%, calculated as in [Eq. (2)]; σ0 is the
maximum bridging stress which corresponds to the crack opening δ0 and 𝐽𝑏′ is the
complementary energy controlled by fiber bridging stress and determined from the σ-δ
curve.
𝐽𝑡𝑖𝑝 =

2
𝐾𝑚

𝐸𝑚

(4)

where Km is the matrix fracture toughness and Em is the matrix Young modulus of elasticity.

In consequence of Eq. (3), for crack growth to follow a steady-state mode (necessary for
pseudo-ductility behavior), the crack tip toughness should not exceed the complementary
energy as below:
𝐽𝑡𝑖𝑝 ≤ 𝐽𝑏′

(5)

As such, for a matrix to exhibit a tensile strain-hardening behavior, both criteria (strength
and energy) must be satisfied. Otherwise, the tension-softening behavior of traditional FRC
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will prevail. In this regard, while some conventional FRC may satisfy the strength criteria
(governing the range of matrix flaw size), the energy criteria (governing the propagation of
steady-state crack) excludes most conventional FRC and can be satisfied only when
micromechanically principles are taken into account [4-6].
In the context of the current study, fiber (RECS 15 PVA fiber) parameters were kept
constant, while the matrix and the fiber/matrix interface parameters were subjected to
micromechanical tailoring. Matrix parameters (influenced by variable GP replacement of
FA as well as by the incorporation of CF) were obtained by fracture toughness, elastic
modulus, and direct tensile strength tests of the non-fibrillated matrix. On the other hand,
fiber/matrix interface parameters (also influenced by variable GP replacement of FA as well
as by the incorporation of CF) were obtained through the single-fiber pull-out test. The
compiled micromechanical parameters were used to develop the fiber bridging stress versus
crack opening relationship for the different SHCC formulations.

4 Experimental Program
The experimental program involves two phases conducted on, respectively, SHCC mortar
and SHCC as a composite. The first phase addresses the effect of GP as well as the influence
of nanomodification with CF on matrix-related parameters [matrix elastic modulus (Em),
fracture toughness (Km), ultimate tensile strength (σfc)], and fiber/matrix interface properties
[frictional bond (τ0), chemical bond (Gd), and slip-hardening effect (β)]. The second phase
addresses SHCC performance as a composite where the effect of different GP content as
well that of nanomodification with CF on composite compressive strength, flexural capacity,
and direct tensile behavior was evaluated. GP content in replacement of FA consists of 0,
40, and 100% as inferred from our previous work [3]. CF was incorporated at rates of 0.0,
0.03, 0.05, and 0.10% per cement mass, as inferred from our former investigations [44-46].

4.1 Materials properties
4.1.1 Basic SHCC ingredients
SHCC ingredients in both experimental phases include high-sulfate-resistance cement (type
HS) with low C3A content, type F- fly ash (FA), type GH glass powder (GP), and quartz
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sand (QS). Type HS cement was chosen to optimize mixture flowability, owing to the low
C3A and C3S contents allowing better flow properties with this type of cement [52]. The
cement has a specific gravity (SG) of 3.18, Blaine fineness of 438 m2/kg, and mean particle
diameter (d50) of 12 µm. The FA used in the study fulfills the requirements of CAN/CSA
A3000 specifications and has an SG of 2.55, Blaine surface area of 363 m2/kg, and d50 of 17.
The GP used herein is of high alkali content and has an SG of 2.51 and d50 of 27 µm. As for
the QS, it has an SG of 2.70, maximum particle size (dmax) of 600 µm, and mean particle size
(d50) of 250 µm. Table 1 presents the chemical composition and physical properties of all
granular materials used in this study, Fig. 3 provides their particle size-distribution, and Fig.
4 presents scanning electron microscope (SEM) micrographs of FA [Fig. 4 (a)] and GP [Fig.
4 (b)] used in this study. Polyvinyl-alcohol (PVA) fibers [Fig. 5 (a)] were added at 2% per
volume of suspended mortar. The fiber has 38 µm diameter and 8 mm length, 40 GPa elastic
modulus and 1400 MPa tensile strength.

4.1.2 Cellulose filaments
The cellulose filaments (CF) were provided by Kruger Biomaterials Inc. (Trois-Rivières,
Québec, Canada). CF are characterized by a nanometric diameter of 30–400 nm and a
micrometric length of 100–2,000 µm. This results in their significantly high aspect ratio of
about 100–1,000 and high surface area of more than 80 m2/g. According to the supplier, the
filaments were derived from FSC®-certified Kraft wood pulp using only virgin fibers to
ensure optimum performance and consistent properties. The filaments were received from
the supplier in a dispersed form (colloidal suspension with a nominal CF solid content of
1.2%). Further information about CF characteristics and sustainability features can be found
in our former works [44-46]. Fig. 5 (b) depicts a scanning electron microscope (SEM) image
of a CF diluted aqueous suspension at a concentration of 0.10%.
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Table 1. Chemical compositions of powders and granular materials used in the study

Composition
SiO2
Fe2O3
Al2O3
CaO
TiO2
SO3
MgO
Na2O
K2O
ZnO
LOI
C3S
C2S
C3A
C4AF
Blaine (m2/kg)

Quartz

Type HS

Type F Fly

Type GH Glass

Sand
99.8
0.04
0.14
0.17
0.02
––
0.008
––
0.05
––
0.2
––
––
––
––

Cement
22
4.3
3.5
65.6
0.2
2.3
1.9
0.07
0.8
0.09
1.0
50
25
2.0
14

Ash
53.7
5.6
17.5
12.4
––
––
2.1
1.6
2.0
––
1.8
––
––
––
––

Powder
73.00
0.40
1.50
11.30
0.04
––
1.20
13.00
0.50
––
0.60
––
––
––
––

438

363

308

Fig. 3. Particle size distribution of SHCC ingredients
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Fig. 4. . SEM micrographs of SHCC ingredients: (a) HS Cement, (b) Class F Fly ash, and
(c) Glass powder, (d) Quartz sand

Fig. 5. SEM micrograph of hybrid reinforcement systems used in this study: (a) RECS15
polyvinyl alcohol (PVA) fibers, and (b) nanoscale cellulose filaments (CF)

4.2 Mixture proportions
A basic SHCC mixture with FA/cement ratio of 1.2, QS to binder ratio of 0.35 and a waterto-binder (w/c) ratio of 0.28 was considered. A total of 12 SHHC mixtures (comprised in
three mixture series based on GP content of 0, 40, and 100% as inferred from our former
work [3]) were developed. Series I involves the mixture with 0% GP (which corresponds to
a conventional HVFA-SHCC). Series II involves the mixture with 40% GP (corresponding
to the optimum GP content for strength and ductility as described in [3]). Series III involves
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the mixture with 100% GP (corresponding to maximum GP content, but reduced ductility).
Each of these series includes three additional mixtures obtained by incorporating CF at
dosages of 0.03, 0.05, and 0.10% on the basic mixture with either 0, 40, or 100% GP as
shown in Table 2. Resulting mixtures were tailored via the micromechanics design approach
of SHCC proposed by Li et al. [4,5,12].
Mixture nomenclature consists of three parts, the first designating the percentage of FA
(based on FA/cement ratio of 1.2), the second designating the percentage of GP, and the
third designating the percentage of CF per cement mass. In any mixture, the binary
combination of FA and GP adds up to 100 and corresponds to (FA+GP)/ cement= 1.2. For
instance, the mixture 100FA-0GP-0.00CF refers to the reference HVFA-SHCC formulation
with FA/cement=1.2 without neither GP nor CF added, while the mixture 0FA-100GP0.10CF refers to complete replacement of FA with GP and the addition of CF at 0.10% per
cement mass. A poly-carboxylate (PCE)-based high-range water reducing admixture
(HRWRA) with a SG of 1.09 and solid content of 40%, fulfilling the requirements of ASTM
C494 Type F admixtures [53] was used to secure the target mini-slump flow diameter of
300±20 mm for phase 1(suspended mortar) and 250±20 mm for phase 2 (fibrillated matrix).
The effect of these different formulations on SHCC salient characteristics represents the
main theme of this study.
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Table 2. Mix design of HVGP SHCC
Mixture Composition (kg/m3)
Series

No.

Packing

Mixture name
Cement

Fly ash
(FA)

Glass powder Quartz sand
(GP)

(QS)

Water

Water/binder

density

(W/B)

HRWRA

CF

(solid extract) (solid extract)
(PD)

I

III

III

1

M100FA-0GP-0.00CF

597

717

––

460

366

0.28

0.64

3.251

––

2

M100FA-0GP-0.03CF

597

717

––

460

366

0.28

0.64

4.014

0.175

3

M100FA-0GP-0.05CF

597

717

––

460

366

0.28

0.64

4.125

0.292

4

M100FA-0GP-0.10CF

597

717

––

460

366

0.28

0.64

4.589

0.584

5

M60FA-40GP-0.00CF

596

429

286

459

364

0.28

0.70

4.433

––

6

M60FA-40GP-0.03CF

596

429

286

459

364

0.28

0.70

5.534

0.175

7

M60FA-40GP-0.05CF

596

429

286

459

364

0.28

0.70

5.913

0.292

8

M60FA-40GP-0.10CF

596

429

286

459

364

0.28

0.70

6.084

0.584

9

M0FA-100GP-0.00CF

593

––

717

458

360

0.28

0.74

9.136

––

10

M0FA-100GP-0.03CF

593

––

717

458

360

0.28

0.74

9.180

0.175

11

M0FA-100GP-0.05CF

593

––

717

458

360

0.28

0.74

9.286

0.292

12

M0FA-100GP-0.10CF

593

––

717

458

360

0.28

0.74

9.479

0.584
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4.3 Mixing procedures and specimen preparations
Batching of different SHCC mixtures was carried out using a pan mixer of type Mortarman
360 (Imer, CA, USA). In an attempt to deflocculate powder agglomerates and enhance
mixture homogeneity, all powders and granular materials were dry–mixed for 7 min prior to
adding water and HRWRA. In the second step, 90% of the HRWRA diluted into 95% of the
mixing water was added to the mixer slowly during 0.5 min then mixing continued for 2.5
min. For mixtures incorporating CF, a CF-water suspension was first prepared from readily
dispersed CF (colloidal suspensions with 1.2% CF solid content). Thereafter, 90% of
HRWRA was diluted into 95% of CF-water suspension so that the HRWRA further enhances
CF dispersion. Further details about CF characteristics and dispersion protocol can be found
elsewhere [46]. Since SHCC formulation is quite challenging and the threshold between a
stable mixture and a segregating one is very delicate, the remaining 10% of HRWRA is left
for final adjustment of mixture flowability such that the final HRWRA content would be
determined on a performance basis. In the third step, the mixer was stopped for 0.5 min to
scrape its blades and edges then mixing continued for another 1 min. The consistency of the
suspended mortar was then checked such that when a mini-slump flow diameter of 300 mm
was obtained [54], only the remaining water is added (after adjustment of the amount of
water contained in the unused 10% of HRWRA). Otherwise, a gradual amount of HRWRA
is added (along with an adjusted amount of the remaining 5% of water) until the desired 300
mm mini-slump flow diameter is achieved.
For phase I experiments involving tests required for micromechanical modeling (E, Km and
interface properties from single-fiber pull-out tests) using plain SHCC, the resulting mixture
was sampled into the required test specimens. On the other hand, for phase II experiments
involving the performance of SHCC as a composite (in the presence of PVA fibers), the
PVA fibers were added slowly during 1 min. Mixing continued for another 3 minutes to
allow PVA fibers to be evenly dispersed. Finally, following 2 minutes of rest, concrete is
remixed for 1 minute then sampled for the different tests. Specimens for mechanical
properties were covered with plastic sheets and kept in a room with relative humidity and
temperature of approximately 50% and 23 oC, respectively then demoulded or 24±1 h later.
The specimens were then sealed inside plastic bags then transferred for storage in a fog room
at 100% RH and 22 oC temperature until the age of testing.
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4.4 Test methods
4.4.1 Packing density
The packing density for the basic formulations containing GP at 0, 40, and 100% were
determined following the compressible packing model (CPM) proposed by De Larrad [55]
as detailed in our former work [3] in the context of developing HVGP-SHCC.

4.4.2 Fresh properties
The unit weight, air content (ASTM C 185) [56], and mini-slump flow test (ASTM C 1437)
[57] were measured to evaluate the fresh properties of different SHCC formulations for both
test phases.

4.4.3 Phase I Tests: Micromechanics and fracture tests on SHCC matrix
To compile the parameters required for micromechanical tailoring of SHCC mixtures,
fracture toughness, direct tension, and single fiber pull-out tests were conducted on fibreless
SHCC matrix (mortar).
4.4.3.1 Matrix elastic Modulus
Elastic modulus (E) was evaluated on 100×200 cylinders at 28 days following the procedures
described in ASTM C469 [58].
4.4.3.2 Matrix fracture toughness
Fracture toughness (Km) test was performed following a procedure adapted from ASTM
E399 [59]. The test was conducted at 28 days on 100×100×400 mm plain (non-fibrous)
prisms (of 25 mm deep, 3 mm central notch) tested in three-point bending configuration in
a displacement-controlled mode using a displacement rate of 0.05 mm/min. The notch depth
was subsequently remeasured, and Km was calculated according to Eq. (6) below:
𝑃 𝑆

𝑎

𝐾𝑄 = 𝐵𝑊𝑄3/2 ∗ 𝑓(𝑤)

(6)

where PQ is the applied load, S the span width, B the prism height, w the specimen depth,
and f (a/w) is a calibration factor (ranging between 1.91 and 2.18 with respect to the accurate
notch depth) [18, 59]. Test set-up for evaluating Km is depicted in Fig. 6 which also illustrates
the variables used in Eq. (6). While the above-mentioned test guidelines were initially set
for metals and alloys, the fracture toughness obtained based on this method is also reliable
for cement composites with a maximum aggregate size of 1000 µm [18], such as the case of
the SHCC developed herein with maximum QS size of 600 µm.
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Fig. 6. Fracture toughness test: (a) Test set-up illustrating the variables used in Eq. (6), and
(b) Test samples
4.4.3.3 Direct tensile strength
This test was conducted on plain (non-fibrous) dog-bone shaped coupons (Fig. 7) in order to
determine the tensile strength of the plain matrix (σfc). The test was conducted under a
displacement-controlled mode at a rate of 0.2 mm/min. The test set-up is equipped with a
24.4 mm wire extensometer attached at the middle of the sample. This is supplemented by a
laser-type extensometer such that all elastic and plastic deformations are well captured. This
is particularly important for phase II tests where at composite level, SHCC coupons
subjected to uniaxial tension develop intensive multiple cracking extending beyond the
reading range of the laser extensimeter, which lead sometimes to relaxation in the reading
captured by the wire extensometer. The use of laser extensometer in companion, allows
correcting such errors.

Fig. 7. Uniaxial tension test: The figure illustrates sample dimensions (left) and test
configuration (right)

Chapter 9: Micromechanically guided design of nanoengineered HVGP-SHCC

421

4.4.3.4 Single fiber pull-out
Single fiber pull-out test (SFPT) was conducted to evaluate fiber/matrix interface properties
necessary for micromechanical modeling. Owing to the high precision requirements in
SFPT, a miniature load cell of 5-N capacity of Zwick type (Zwick Roell, Germany) was used
for this purpose. The test was conducted under a displacement-controlled mode at a rate of
0.2 mm/min. To minimize elastic stretching, the fiber was gripped at less than 1 mm from
the matrix top surface. Fig. 8 (a) illustrates the test set-up of SFPT, while Fig. 9 (b) depicts
the actual test configuration where two PVA fibers are visible one of which being tested. For
each mixture, 4-7 successful SFPT were obtained. Following the above procedures, fiber
pull-out load versus fiber slip response was recorded for all mixtures. This allowed to
determine fiber/matrix interface properties in in terms of frictional bond (τ0), chemical bond
(Gd), and slip hardening coefficient (β). These properties were further used to characterize
the fiber bridging capacity and develop fiber stress crack opening response (σ-δ) for the
different formulations. Elaborated details about specimen preparation, test procedures, and
method of determining interface parameters are provided elsewhere [34].

Fig. 8. Single-fiber pull-out test: Schematic of test set-up (a), actual test configuration with
a focus on a single fiber being pulled from the matrix (b).

4.4.4 Phase II Tests: Performance of SHCC composites
Tests conducted in Phase I constitute the groundwork for the development of SHCC. The
performance of the developed SHCC mixtures was then validated at the composite level in
terms of compressive strength (fc), direct tensile strength (ft), and flexural capacity (ffl). The
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fc was assessed on 50×50×50 mm cubes (ASTM C109-16) [60] at 1, 7, 28, 56, and 91 days.
The ft was evaluated at 28 days following the same procedures and specimen dimensions
described earlier for the case of the plain matrix (section 4.4.3.3). The ffl was evaluated on
100×100×400 mm prisms (ASTM C78-18) [61] at 28 days. Flexural tests were performed
under four–point bending configuration in a displacement-controlled mode using a
displacement rate of 0.05 mm/min.

5 Results analysis and discussions
5.1 Results of SHCC matrix used for micromechanical investigation
5.1.1 Matrix packing density
Table 2 displays the packing density for the three SHCC categories (0, 40, and 100%GP
replacement of FA) considered in the current study. Results indicate that GP plays a filler
effect whereby with increasing GP content, mixture compactness increases. Thus,
incorporating GP increased the packing density from 64% in the reference SHCC (with no
GP) to 70 and 74%, respectively, in the SHCC mixtures with 40, and 100% replacement of
FA with GP. In agreement with this trend, the combined particle-size distribution (PSD) for
the three basic SHCC mixtures (Fig. 9) also indicates that at increasing replacement of FA
by GP, a wider-range of mixture particle-size is obtained. This implies a better gradation of
granular materials [62]. In this regard, the filler effect imparted by GP and the subsequent
higher packing density can also be correlated with the gradation of different granular
materials shown earlier in Fig. 3. The latter indicates that GP [with a mean particle size (d50)
of 27 µm)] as compared to that of cement (d50 = 12 µm) and FA (d50 = 17 µm), can permit
filling the particle gap between the binders (cement and FA) from one side and the QS (d50
= 250 µm) from another side. This is more evident from the PSD curve for GP falling
between that of QS from one side that of FA and cement from another side. The increasing
packing density with the irregularly shaped (but lager) GP particles as opposed to the
spherically-shaped (but relatively smaller) FA particles can also be ascribed to the reduced
voids obtained when larger particles leading to wider gradation are used [32, 62]. This has
been reported to lead to higher packing density than when perfect-geometry particles leading
to narrow gradation are used [63, 64]. Furthermore, the tendency of flaky GP particles
towards forming a layered stacking may explain the increased packing density obtained with
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GP [65]. This trend has been observed in a more pronounced manner when various rates of
GP replacement of FA were considered in our former work [3] and is believed to drive higher
composite strength commonly. However, in light of the increasing matrix fracture strength
(Km) accompanying the enhanced matrix compactness, caution must be paid to the
2
consequent rise in crack tip toughness (𝐽𝑡𝑖𝑝 = 𝐾𝑚
/𝐸𝑚 ) [4, 6,12]. The latter jeopardises

steady-state cracking necessary for pseudo-ductility behavior of SHCC.

Fig. 9. Combined particle size distribution for the different SHCC formulations

5.1.2 Fresh properties
The fresh properties of plain SHCC mixtures used for the micromechanical investigation are
presented in Table 3. While all mixtures had comparable slump flow 300±20 mm, mixture
proportions presented earlier in Table 2 indicate that to maintain the above target slumpflow, increasing demand in high-range water reducing admixture (HRWRA) was observed
with the replacement of FA by GP. This can be linked to higher packing density imparted
by GP as discussed in the previous section. In this regard, the GP particles (with their filler
effect) tend to fill-up the inter-particle space, thereby decreasing the space available for
particle dynamics [32]. Thus, additional to the paste needed to fill-up the inter-particle space,
an excess amount of paste is needed to lubricate the mix and give it enough workability.
Another explanation of the increase in HRWRA in the presence of GP can be the excess
inter-particle frictional forces generated by the irregularly-shaped, rough-textured glass
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particles [Fig. 4 (b)] as compared to the spherically-shaped smooth-surfaced FA particles
[Fig. 4 (a)].
While the GP filler effect, particle morphology, and surface texture [32] may contribute
towards explaining the increasing demand in HRWRA observed with GP, former works
conducted with GP showed opposite trend and reported that the incorporation of GP does
not affect mixture rheology [31, 66-69]. The reconciliation between the two trends is
possible when it is observed that GP influences rheology through both physical and chemical
effects. The physical effect emerges from GP irregular particle shape and rough surface
texture, while the chemical effect emerges from the high alkali content whereby the elevated
concentration of alkali ion is expected to accelerate the solubility of Ca+2 ions, thereby
serving as a hydration catalyst [70]. In this regard, both physical and chemical effects are
expected to be significant at high GP content, while most previous investigations were
conducted on low GP content ~20-30% where the effect of GP on rheology may not be
clearly captured. Thus, in the current study and elsewhere [71], the high-volume content of
GP may mobilise a synergetic effect between the high alkali content and the morphology
effect of GP, thereby leading to reduced flowability.
On the other hand, results also indicate that the incorporation of CF increases the demand in
HRWRA owing to the viscosity modifying (VMA) effect of CF. The latter stems form CF
hydrophilicity together with CF propensity for forming a percolating nanoscale network
contributing to the viscosity buildup as demonstrated elsewhere [45]. In this regard, the
VMA effect of CF is also accompanied by a shear thinning effect leading to reduced mixture
resistance to flow at increasing shear rates [45]. Thus, for a target mini-slump flow diameter
in the suspended mortar of 300±20 mm (which was found to correspond to optimum
flowability to enable fiber dispersion), the incorporation of GP and that of CF lead to higher
demand in HRWRA. Adequate adjustment of HRWRA allowed achieving the slump flow
of 300±20 mm in the suspended mortar and facilitated achieving SHCC mixtures with a selfconsolidating ability (slump flow of ~250±20 mm).
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Table 3. Fresh properties of SHCC plain mix used for the micromechanical investigation

Series

I

II

III

No.

1
2
3
4
5
6
7
8
9
10
11
12

Mixture name

Slump-flow

Fresh properties
Air
Unit

diameter

content

weight

(mm)

(%)

(kg/m3)

315
305
305
300
300
310
300
295
300
305
305
295

4.25
4.22
4.98
5.21
4.18
3.90
4.31
4.43
4.41
4.24
5.10
5.46

2034
2021
2018
2015
2032
2039
2030
2027
2035
2025
2023
2015

M100FA-0GP-0.00CF
M100FA-0GP-0.03CF
M100FA-0GP-0.05CF
M100FA-0GP-0.10CF
M60FA-40GP-0.03CF
M60FA-40GP-0.00CF
M60FA-40GP-0.05CF
M60FA-40GP-0.10CF
M0FA-100GP-0.00CF
M0FA-100GP-0.03CF
M0FA-100GP-0.05CF
M0FA-100GP-0.10CF

Temperature
(oC)
21
23
24
25
23
22
23
23
23
22
23
22

5.1.3 Micromechanical investigation
5.1.3.1 Effect of glass powder on micromechanical properties
Table 4 depicts the results of the micromechanical investigation conducted in this study. The
table presents matrix and fiber/matrix interface parameters involved in constructing the
fiber-bridging stress versus crack opening response (σ-δ curve) for the three SHCC series
considered herein. Regarding matrix parameters, results reveal that the variation of GP
across the three basic SHCC mixtures (0, 40, and 100% GP) has slightly enhanced the elastic
modulus (Em), but significantly increased the fracture toughness (Km) and first crack strength
(σfc). This is ascribable to the contribution of GP on increasing matrix compacity as discussed
earlier as well as to the pozzolanic activity of GP which can foster forming new hydrates
contributing to pore refinement and increasing matrix strength [28].
Regarding interface parameters, the most obvious effect of GP was reflected by a higher
frictional bond (τ0) which increased from 2.9 MPa at 0 GP to 4.30 and 6.84 MPa at 40 and
100%GP, respectively. This corresponds to increases of, respectively, 1.5 and 2.3 times and
can be a direct implication of the higher compacity obtained with GP whereby the
fiber/matrix interfacial transition zone becomes denser and stiffer and leads to increasing τ0
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[34]. High τ0 values may augment the pull-out resistance of fibers and lead to SHCC with
higher strength [3] given the direct correlation between τ0 and the maximum bringing stress
(σ0), provided that fiber rupture is ignored [39]. However, excessive τ0 can lead to fiber
damage [34], thereby reducing the slip distance and lowering composite ductility [50]. Thus,
for achieving strain-hardening behavior, interface properties need to be optimized rather that
maximized [34]. The chemical bond (Gd) on the other hand, showed a relatively decreasing
trend with higher GP content most likely due to the dilution effect of GP reducing the
concentration of Al3+ and Ca2+ cations responsible for chemical adhesion between the
cementitious matrix and PVA fibers [72, 73], while the slip hardening coefficient (β) was
non-significant (β≈ 0). The effect of GP on the above micromechanical parameters was
observed in a more pronounced manner when more varied GP contents were considered [3].

5.1.3.2 Effect of glass powder on fiber bridging capacity
Fig. 10 shows the fiber bridging stress versus crack opening response (σ–δ) in function of
GP content. The major observation from the figure is that the maximum bridging stress (σ0)
increases with higher GP (as a consequence of the higher τ0 observed with higher GP
content), while the crack opening (δ0) corresponding to the maximum bridging stress
decreases with increasing GP content. As a result, the complementary energy 𝐽𝑏, is lower with
higher GP. On the other hand, regarding matrix strength and bridging capacity, Table 4
shows that the three basic SHCC formulations satisfy well the strength criterion (σfc≤ σ0).
The energy criterion (Jtip ≤ 𝐽𝑏, ) is also satisfied, but the ratio 𝐽𝑏, / Jtip was observed to drop
with higher GP content. This seems to be a penalty of the higher matrix fracture toughness
Km and the reduced δ0 (observed with high GP) which lead to lower 𝐽𝑏, but higher Jtip. As
such, higher GP content adversely affected the ductility.
5.1.3.3 Effect of nano-modification with CF on micromechanical properties
As presented in Table 4, the results of matrix parameters indicate that tailoring of SHCC by
the incorporation of the nanoscale cellulose filaments (CF) turned to significantly influence
both matrix and interface properties for the three SHCC categories considered for
nanomodification.
Regarding matrix parameters, CF increases matrix mechanical properties, namely the elastic
modulus (Em), the fracture toughness (Km), and the first cracking strength (σfc). For instance,
the incorporation of CF lead to an increase of up to 15, 10, and 12% in the SHCC mixtures
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with 0, 40, and 100%GP, respectively. The effect of CF on increasing Em can be attributed
the microstructure changes led by the nanoscale CF owing to its high surface area (>80
m2/g) and to its high surface reactivity driven by the omnipresent hydroxyl groups (OH-).
This has been reported foster CF interaction with hydration products containing hydrogen in
their structure such as calcium-silicate-hydrate (C-S-H) and calcium hydroxide (CH) [74].
A micro-to-macro investigation by Hisseine et al. [46] indicated that CF enhances overall
mechanical performance and particularly Em by a coupled effect of an increased degree of
hydration (driven by the hydrophilic and hygroscopic CF) and by a nanoreinforcing effect.
In the latter, assessment of micromechanical properties of the main microstructure phases
using the NI-QEDS method [75], revealed that CF enhanced the micromechanical properties
(indentation modulus M, indentation hardness H, and contact creep modulus C) of the
calcium-silicate-hydrate (C-S-H) gel matrix by about ~12–25%. In the same context,
cellulose nanocrystals (CNC) were found to foster the formation of larger volume fraction
of high-density C-S-H relative to a smaller volume fraction of low-density C-S-H [76] as
well as to result into stiffer high-density C-S-H [77]. As a result, the nanoscale cellulose
reinforcement influence composite performance by altering the material properties.
The above-discussed effect of CF on increasing the elastic modulus can influence the strainhardening behavior of the composite. Given the definition of crack tip toughness (Jtip) as a
2
function of the elastic modulus and the fracture toughness (𝐽𝑡𝑖𝑝 = 𝐾𝑚
/𝐸𝑚 ), it can be seen

that the increase in Em is fundamental for reducing Jtip and fulfilling the energy criterion (Jtip
≤ 𝐽𝑏, ) for SHCC [4-6,12].
While PVA fibers in HVFA-SHCC generally exhibit slip hardening effect [78], this was not
recorded in this study. Rather, the results discussed in the previous section indicate that with
HVGP, interface properties are mainly characterized by: (i) a significant increase in
frictional bond τ0, (ii) slight drop in chemical bond Gd, and (iii) a marginal effect on sliphardening behavior β. In the presence of CF, however, fiber fiber/matrix interface properties
exhibited unexpected behavior. The frictional bond τ0 was lowered in all tested three
categories of SHCC. This was more evident in mixtures with GP (exhibiting higher packing
density, namely 40%GP and 100%GP). By the incorporation of CF, the reduction in τ0 in
these two mixtures reached up to, respectively, ~30 and 50%. The incorporation of CF also
reduced the chemical bond Gd in all tested SHCC mixtures. Interestingly, all mixtures with
CF recorded a significantly higher slip hardening with β > 1.0. The slip hardening behavior
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is a characteristic feature that polymeric fibers demonstrate during the frictional sliding
phase of their pull-out response, once the chemical and frictional bonds have already gone
and fibers undergo sliding with either slip hardening, constant friction or slip-softening
effect, characterized by the coefficient β, which is, respectively, positive, zero or negative
[79]. Slip-hardening in polymeric fibers is associated with their reduced hardness as
compared to that of the surrounding matrix which leads to fiber damage or surface scratch
leaving behind a jamming effect in the fiber channel [78, 79]. This can increase fiber
resistance to pull-out as recorded in the current study.
The above results on the effect of CF on interface properties are driven by the influence of
CF on altering the fiber/matrix interfacial transition zone (ITZ). The reduced τ0 is most
probably a result of the reduced fiber/matrix friction owing to the interference of the
omnipresent, high surface area (> m2/g) nanoscale filaments at the ITZ (Fig. 11). In the
presence of CF at fiber/matrix interface, frictional forces are expected to be reduced due to
polymer-polymer friction (CF-PVA) at the expense of polymer-matrix friction (PVAmatrix). In a similar manner, Gd is reduced in the presence of CF, most likely due to the
reduction of contact sites between the PVA fibers and active cations from the matrix,
particularly Al3+ and Ca2+ governing the propensity of the hydrophilic PVA fibers to the
cementitious matrix [72, 73]. Such an effect on SHCC interface properties has also been also
observed on nanoscale calcium carbonate whiskers (CaCO3) by Hui et al. [39] Excessive
bond between PVA fibers and the matrix were reported by Redon et al. [78] to cause fiber
delamination such as the scenario observed in this study (Fig. 12). This could reduce fiber
bridging capacity and influence composite ductility in consequence. Therefore, attenuated
τ0 and Gd as obtained herein may be preferable.
On the other hand, the featured slip hardening behavior exhibited in the presence of CF can
be attributed to a jamming effect created by the nanoscale CF inside the PVA fiber tunnel
during fiber pull-out. In this regard, it was observed that with nanocellulose-modified
HVGP-SHCC, the lower values of τ0 allowed the PVA fibers to withstand (without
rupturing) the deterioration of the frictional bond at loads lower than fiber apparent tensile
strength. This can significantly foster multiple-cracking and ductility. Briefly, tailoring
SHCC with CF appears to allow attenuating the excessive frictional bond τ0 encountered in
HVGP-SHCC, reduce the chemical bond, and impart a characteristic slip-hardening
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behavior. These effects were found to underpin the contribution of CF towards improved
ductility in SHCC.

5.1.3.4 Effect of nano-modification with CF on fiber bridging capacity
In light of the above micromechanical parameters of nanocellulose-modified SHCC, the
fiber bridging stress-crack opening response (σ–δ) shown in Figs. 11 (a), (b), and (c)
corresponding respectively to SHCC with 0, 40, and 100% GP replacement of FA were
constructed and the relevant strain hardening performance indicators were extracted and
presented in Table 4. Figs. 11 indicate that at for all SHCC categories, while the
incorporation of CF didn’t necessarily increase the maximum bridging capacity (σ0),
seemingly due to the reduce frictional bond τ0, the wider crack opening in CF matrices led
to higher complementary energy 𝐽𝑏, . With the former discussion on CF effect on increasing
the Em and decreasing Jtip, it follows that the index 𝐽𝑏, /Jtip has been enhanced in all CF systems
while preserving a ratio of σ0/σfc > 1.45. This demonstrates that with nanomodification, the
conventional HVFA-SHCC can achieve a further enhancement in ductility. This can be
possibly leveraged for reducing the critical volume fraction of PVA fibers necessary for the
transition from quasi-brittle behavior to stain-hardening behavior. On the other had, HVGP
mixtures (which initially exhibited higher strength but lower strain-hardening performance),
benefited from the nanomodification as evidenced by the improved 𝐽𝑏, /Jtip. This indicates
that HVGP-SHCC can benefit from nanocellulose modification to yield acceptable strain
hardening performance. Beyond the SHCC performance transposed from the
micromechanical investigation as discussed in this section, the performance of the actual
matrix is the ultimate target. Thus, next section is devoted to validating the performance at
the composite level of all SHCC formulations in terms of compressive strength, uniaxial
tension, and flexural capacity.
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Table 4. Results of micromechanical investigation and SHCC strain-hardening indicators
Matrix parameters

Series

I

II

III

No

Mixture name

Elastic

Fracture

modulus,

toughness,

Em

Km

(GPa)

(MPa. √𝑚)

SHCC composite pseudo-ductility performance

Interface parameters

First crack
uniaxial
strength, σfc

Frictional

Chemical

slip

bond,

bond,

hardening

τ0

Gd

coefficient,

(MPa)

(J/m2)

β

(MPa)

Maximum

Comple-

Crack

bridging

mentary

tip

stress,

energy,

toughness,

σ0

𝐽𝑏,

Jtip

(MPa)

(J/m2)

𝜎0
𝐽𝑏,
𝜎
𝐽𝑡𝑖𝑝 𝑓𝑐

(J/m2)

1

100FA-0GP-0.00CF

22.50±0.48

0.68±0.05

2.59±0.11

2.95±0.52

2.65±0.14

0.003

4.82

64

20.5

3

1.86

2

100FA-0GP-0.03CF

25.74±0.21

0.70±0.08

2.90±0.12

2.94±0.56

0.27±0.10

1.24±0.39

5.03

67

19.0

.
3

1.73

3

100FA-0GP-0.05CF

25.50±0.19

0.71±0.04

2.90±0.08

2.82±0.66

0.25±0.12

1.51±0.20

5.15

66

19.8

1.78

4

100FA-0GP-0.10CF

24.69±0.32

0.71±0.07

2.92±0.04

2.80±0.78

0.21±0.06

1.31±0.34

5.18

67

20.4

.1
3
2
5
.
3

5

60FA-40GP-0.00CF

23.12±0.32

0.71±0.03

2.59±0.05

4.30±0.80

2.60±0.14

0.007

5.04

29

21.5

1.95

6

60FA-40GP-0.03CF

24.22±0.14

0.75±0.05

2.69±0.19

3.83±0.32

0.30±0.02

1.18±0.10

5.12

42

23.1

0
.3
1
4
.2
1

7

60FA-40GP-0.05CF

24.80±0.24

0.77±0.03

2.73±0.10

3.13±0.41

0.18±0.05

1.05±0.16

5.09

39

23.6

8
3
.
1

1.86

8

60FA-40GP-0.10CF

25.00±0.21

0.76±0.09

2.80±0.12

3.03±0.33

0.13±0.07

1.07±0.12

5.06

45

23.4

1.81

–– **

5.20

31

26.7

6
.8
1
2
.6
1

1.76

1.70

*

9

0FA-100GP-0.00CF

22.81±0.11

0.78±0.06

2.81±0.10

6.84±0.80

2.56

10

0FA-100GP-0.03CF

25.50±0.13

0.81±0.02

2.92±0.13

3.61±0.45

0.58±0.10

0.004

5.20

53

25.5

11

0FA-100GP-0.05CF

25.34±0.17

0.82±0.02

2.95±0.08

3.42±0.20

0.22±0.12

0.005

5.15

52

26.4

5
.9
2
3
.1
1

12

0FA-100GP-0.10CF

24.85±0.15

0.84±0.07

3.00±0.04

3.38±0.14

0.32±0.30

0.007

5.27

51

28.6

6
0
.
1

*Only one sample exhibited the Pa to Pb drop necessary for determining the chemical bond.

7
.9

** No slip hardening was observed as fiber rupture was more common at increasing GP content

6
8
0

1.77

1.98

1.85

1.78
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(a)

(b)

(c)

Fig. 11. Computed fiber bridging stress–crack opening relationship (σ–δ) for varying
nanocellulose content in the SHCC with: (a) 0% GP, (a) 40% GP, and (c) 100% GP.
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5.2 Results of SHCC composite performance
5.2.1 Compressive strength
Fig. 12 presents the development of compressive strength (fc) up to 91 days for the three
categories of tested SHCC in function of the dosage in cellulose filaments (CF). The figure
indicates two trends related to, respectively, the effect of GP and that of CF on strength
development. As for the effect of GP, early age strength (until 7 days) in the mixture with
40%GP (60FA-40GP-0CF) is comparable (or slightly higher) to that of the reference mixture
(100FA-0GP-0CF). Beyond 7 days, higher fc was observed in the mixture with 40%GP. The
SHCC with 100%GP (0FA-100GP-0CF), on the other hand, had lower strength (at 1 and 7
days) than that the reference mixture (00FA-0GP-0CF). From 28 days, both mixtures with
GP, recorded higher compressive strength than that of the reference. This trend has been
recorded in a more evident manner when different GP consents were considered where
strength enhancement with GP of 15−25% was achieved [3]. The effect of GP on strength
development can be linked to both physical and chemical effects. GP can physically enhance
the strength through a filler effect attributable to the higher packing density as detailed
earlier. GP can also contribute to the strength through a pozzolanic activity, particularly at
later ages [29] While GP could also contribute to early-age strength development through a
catalyst effect owing to its high alkali content [70], the observed reduced strength at early
ages particularly at 100%GP may be associated with a dilution effect whereby excessive GP
content may physically interfere with the formation of cement hydration products at earlyage [31].
On the other hand, CF appears to increase the compressive strength in all three categories of
SHCC with a particularly more noticeable effect beyond 7 days. The effect of CF on strength
development is also in agreement with previous findings [44] attributing it to a combination
of nanoreinforcing and internal curing effects. In the former, the high-aspect ratio fibrillated
CF contributes to reinforcing the microstructure, while in the latter, the hydrophilic and
hygroscopic CF may contribute to increasing the degree of hydration by providing
supplementary water to promote the solubilization of more anhydrous cement particles [46].
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Fig. 12. Evolution of compressive strength: Effect of nanocellulose on: reference SHCC (a), SHCC with 40%GP (b), and the SHCC with
100%GP (c)
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5.2.2 Tensile and flexural properties
The composite tensile and flexural properties of the developed SHCC are analyzed based on
the generalized composite behavior presented in Fig. 13 and is light of the micromechanical
investigation presented in section 5.1.3. Based on Fig. 13 (a), a cementitious matrix
subjected to uniaxial tension will either exhibit: (i) a brittle, (ii) a quasi-brittle or (iii) a
pseudo-ductile response. In the first case, the tensile response is limited by the first-crack
strength (σcc) which is the case of plain concrete (PC). In the latter two cases, the tensile
response is rather controlled by the post-peak strength (σpc) whereby for a strain-hardening
behavior to prevail, the condition σpc ≥ σcc must be met [80]. For this, a multiple-cracking
stage is an intrinsic feature manifested by a significant increase in the ultimate tensile strain
(εu) before damage localization and response softening occur. Otherwise, a quasi-brittle
failure (whereby beyond σcc, immediate softening follows) will prevail such as the case of
conventional fiber-reinforced concrete (FRC). An analogous scenario exists when a
cementitious matrix is subjected to flexural loading [Fig. 13 (b)]. In this case, beyond the
brittle failure at first-crack load in flexure fcc, the post peak behavior is rather characterized
by either deflection softening or deflection hardening. In spite of this analogy, strainhardening is more of material property and may be taken into account in structural design
[14]. Deflection-hardening, on contrast, is a structural property (influenced by the dimension
and cross-sectional geometry of test specimen) and therefore is not a material property in the
strict sense [80].
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Fig. 13. Generalized response in uniaxial tension (a) and in flexure (b) for strain-hardening cementitious composites (SHCC) as compared to
conventional fiber reinforced-concrete (FRC) and plain concrete (PC)
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5.2.2.1 Direct tensile strength
5.2.2.1.1 Effect of replacing FA with GP
Fig. 14 presents the results of uniaxial tensile behavior of the three SHCC categories (with
0, 40, and 100%GP) considered for modification with CF. Fig. 14 (a), (e), (f) indicate that
GP allows achieving higher first cracking strength (σcc) as well as higher post-peak strength
(σpc) identified by the peaks A and B, respectively, in the generalized response show in Fig.
13. Thus, σcc has increased from 2.08 MPa in the reference SHCC (0 GP) to 3.15 and 4.47
MPa in the SHCC with 40 and 100%GP, respectively. This corresponds to, respectively, 48
and 112% higher σcc. Similarly, σpc has increased from 3.34 MPa in the reference SHCC to
4.00, and 5.12 MPa, respectively, in the SHCC mixtures with 40 and 100% GP. This
corresponds to, respectively, 20 and 53% higher σpc. As all formulation recorded σpc ≥ σcc,
theoretically speaking, strain-hardening behavior is expected in all three mixtures.
However, the ultimate tensile strain capacity (εu) was slightly lowered from 3.01% in the
reference SHCC to 2.78% in the SHCC with 40% GP. The drop was more significant in the
SHCC with 100% GP (0.74%). While these results can be explained by the tight inverse
relationship between strength and ductility in cement composites [4, 81, 82], further
interpretation can be found in the effect of GP on the matrix and interface properties
discussed earlier. The increased matrix strength with the incorporation of GP drives the
increase in σpc influenced by the matrix [83, 84]. On the other hand, given the contribution
of fibers and interface properties towards σcc [85], the increased matrix compactness can lead
to a higher frictional bond between matrix and PVA fibers. This can result in higher pull-our
load, hence higher σcc as observed herein. On the other hand, the reduced ultimate strain
capacity εu can be correlated to the fiber/matrix interrace properties where the increased
frictional bond with high GP content may increase fiber bridging capacity but lead to
lowering the corresponding crack opening. Additionally, while higher frictional bond
increases the pull-out load, it can also increase the likelihood of fiber damage [Fig. 15 (b),
(c)], thereby affecting the post-cracking strength σpc and ductility [86, 87]. In agreement with
the above trend, as GP content was increased from 0 to 40 to 100%, higher fiber bridging
stress (σ0) accompanied with a lower crack opening (δ0) was observed at the
micromechanical level (section 5.1.3). This was found to reduce the complementary
energy 𝐽𝑏, . In light of the increasing Jtip driven by the higher matrix strength of HVGP, a
reduced 𝐽𝑏, /Jtip was obtained at increasing GP content. The index 𝐽𝑏, /Jtip being a key indicator

Chapter 9: Micromechanically guided design of nanoengineered HVGP-SHCC

438

for steady-state crack growth, can be correlated with the tensile strength behavior discussed
above. Thus, the ratio 𝐽𝑏, /Jtip dropped from 3.12 in the reference SHCC to 1.35 and 1.10 in
the SHCC mixtures with 40 and 100% GP. This appears to concord with overall composite
tensile performance in terms of tensile strain capacity εu and strain-hardening behavior.
5.2.2.1.2 Effect of nanomodification with CF
Fig. 14 also presents the results of uniaxial tensile behavior of nanocellulose-modified
HVGP-SHCC where the effect of CF on matrix and interface properties was investigated on
three SHCC categories, namely at FA replacement with GP of 0, 40, and 100%. For each of
these formulations, CF was incorporated at 0, 0.03, 0.05, and 0.10% per mass of cement.
The result of Fig. 14 indicate that the influence of CF varies depending on the above SHCC
categories due to the significant difference in matrix and interface properties. In the SHCC
with 0GP, the effect of CF on the first-crack strength σcc is not evident. However, in the
SHCC mixtures with 40 and 100% GP, σcc was reduced with the incorporation of CF, but
the post-peak strength σpc was enhanced. Furthermore, CF generally led to remarkably higher
ultimate tensile strain capacity (εu). For instance, the reference SHCC [Fig. 14 (a)] had εu of
3.01%, while incorporating CF at 0.03, 0.05, and 0.10% [(Figs. 14 (b), (c), (d)] in the same
system increased εu to 3.33, 3.60, and 3.78%, respectively corresponding to 11, 20, and 26%
enhancement. The three respective CF dosages also led to moderate increase in the postcrack tensile strength (from 3.34 MPa in the reference SHCC to 3.48, 3.65, and 4.10 MPa),
respectively corresponding to enhancements of 5, 10, and 23%. At increasing GP where
reduced εu was initially observed, the incorporation of CF becomes more advantageous. In
the SHCC with 40% GP [Fig. 14 (e)], the incorporation of CF at 0.03, 0.05, and 0.10% [Fig.
14 (f), (g), (h))] increased εu from 2.78 % to 3.12, 3.54, and 3.81%, respectively
corresponding to 12, 27, and 37% enhancement. The highest gain in εu was achieved in the
SHCC with 100% GP [Fig. 14 (i)] which had initially the lowest εu. The incorporation of CF
at 0.03, 0.05, and 0.10% [(Fig. 14 (j), (k), (l)] increased εu in the SHCC with 100% GP from
0.74 % to 1.81, 2.56, and 2.65%, respectively corresponding to 145, 246, and 258% higher
εu. This can be observed to significantly improve the energy absorption capacity (the
integration of the area under the stress-strain curve) by up to 238%.
These results indicate that the incorporation of CF remarkably alters the strain-hardening
performance with particularly pronounced effects at high GP content. The effect of
nanomodification with CF on the strain-hardening behavior can be explained in light of the
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effect of CF on matrix and interface properties discussed earlier (section 5.1.3). The
observed significant enhancement in εu stems from the increased slip hardening effect
imparted by CF, while the relatively lower effect on σpc can be linked to the reduced frictional
bond in the presence of CF [34]. The reduced frictional bond in systems with CF is driven
by the polymer-polymer (PVA-CF) interface friction (Fig. 16 (a)) attenuating both τ0 and Gd
while fostering the slip hardening effect β. On the other hand, given the increased matrix
elastic modulus (Em) in systems with CF, a reduced crack tip toughness Jtip is obtained while
the slip hardening effect β imparted by CF promotes fibers to maintain increasing pull-out
load at higher slip distance. This implies matrix resistance of higher crack opening (δ 0) at
maximum bridging stress (σ0). As a result, higher complementary energy 𝐽𝑏, is obtained in
systems with CF. In light of the reduced Jtip in systems with CF versus the increased 𝐽𝑏, , it
follows that the incorporation of CF fosters maintaining steady-state crack growth (once
cracks occur) as demonstrated by the higher 𝐽𝑏, /Jtip which is fundamental for SHCC [5, 12].
In this regard, the significant gain in composite εu obtained at increasing GP (particularly at
100% GP) can be explained by a threefold effect of CF. The first is the enhancement of
matrix elastic modulus Em, thereby contributing to lowering the crack tip toughness. The
second is the reduction of the excessive frictional bond contributing to fiber rupture and fiber
surface damage. The third, at reduced frictional bond, PVA fibers tend to slide-out of the
matrix at lower pull-out load levels (below fiber apparent tensile strength), but the presence
of the nanoscale CF surrounding the PVA fibers fosters a slip hardening by a jamming effect
leading to increasing slip distance [34]. These effects can significantly increase composite
strain capacity and translate into multiple cracking reflected by the increased frequency and
intensity of load peaks in the tensile response of CF-reinforced systems.
The above results are in good agreement with the uniaxial tensile response and should be
viewed with one regard on CF effect on the plain matrix and another regard on CF effect on
fiber/matrix interface properties. CF enhances the strength of the plain matrix as evidenced
by the higher elastic modulus (Em), the fracture toughness (Km), and the first cracking
strength (σfc) recorded in the plain matrix in section 5.1.3.3 owing to a coupled effect of an
increased degree of hydration (driven by the hydrophilic and hygroscopic CF) and a
nanoreinforcing effect [44], as well as enhanced C-S-H micromechanical properties [46].
This increased strength, however, shouldn’t be in conflict with the reduced first cracking
load in CF-SHCC systems incorporating HVGP particularly at 100% GP observed herein.
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In fact, in HVGP-SHCC, the effect of CF on interface properties appears to overcome its
matrix strengthening effect. The incorporation of CF reduces both the frictional bond τ0 and
the chemical bond Gd as the omnipresent, high-surface-area, hydrophilic CF promotes
polymer-polymer interactions with he hydrophilic PVA fibers at the expense of PVA-matrix
interactions. This reduces the contact sites between PVA fibers and the matrix and results in
lower τ0. Reduction of τ0 lowers the likelihood of fiber rupture while promoting fibers to
undergo higher slip hardening [34], but it also reduces the maximum pull-out load as well
as the maximum bridging capacity as highlighted earlier. Consequently, the first carkstrength fcc may be reduced by the lower τ0, while the post-peak strength fpc may be improved
by the slip hardening effect imparted by CF, possibly due to a jamming effect created by the
omnipresence of CF at the fiber/matrix interface. This, additional to the reinforcing effect
provided by CF to the matrix, may explain the higher ductility obtained with CF even in
systems with high strength such the SHCC with 100% GP.
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Fig. 14. Uniaxial tensile behavior of nanocellulose-modified HVGP-SHCC
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Fig. 15. PVA fiber status post-single fiber-fiber pull-out test in SHCC with: (a) 0% GP, (b) 40% GP, and (c) 100% GP. The figure illustrates
fiber damage at increasing GP, which reflects the higher interface friction as well as pull-out load, but the consequent reduced slip at instances
of fiber damage

Fig. 16. Effect of CF on SHCC: omnipresence of CF on PVA fiber surface leading to altering interface properties (a and b),
and nanoreinforcing matrix (b)
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5.2.2.2 Flexural capacity
5.2.2.2.1 Effect of replacing FA with GP
Fig. 17 presents the results of the flexural response of SHCC with 0, 40, and 100%GP along
with the respective mixtures resulting from incorporating CF at 0.03, 0.05, and 0.10% per
mass of cement in the above three formulations. On the other hand, Fig. 18 illustrates the
exceptional deflection capacity of a typical HVGP-SHCC, while Fig. 19 shows the multiplecracking behavior in the above three respective SHCC categories. Overall, the flexural
results recorded herein followed a pattern comparable to that observed in the direct tensile
response and indicate that replacing FA with GP influenced both the flexural first cracking
strength (fcc) as well as the flexural post-cracking strength (fpc) identified, respectively by A
and B peaks in the generalized flexural response depicted in Fig. 13 (b). Higher fcc was
observed with increasing GP. Thus, fcc was been enhanced from 8.47 MPa in the reference
SHCC to, respectively, 9.10 and 11.14 MPa in the SHCC with 40 and 100%GP. This is
equivalent to, respectively, 7 and 31% higher fcc. The post cracking strength fpc of the
reference SHCC (14.41 MPa), on the other hand, was not significantly affected in the SHCC
with 40%GP (14.61 MPa) but experienced reduction in the SHCC with 100 %GP (9.53
MPa). The above trend of fcc and fpc are analogous to that observed in σcc and σpc in uniaxial
tension where the former was dominated by the matrix strength transposed from the effect
of GP on the compactness, while the latter was further influenced by the fiber/matrix
interface properties where the increased frictional bond τ0 with high GP content increases
the likelihood of fiber damage [Figs. 15 (b) and (c)]. This may reduce post-peak strength fpc
and lead also to a lower ductility as reflected by the decreased deflection capacity δu (ultimate
mid-span deflection). The latter was reduced from 3.91 mm in the reference SHCC to 2.45
mm in the SHCC with 40% GP. The drop in δu was more significant in the SHCC with 100%
GP (0.64 mm). Therefore, next section attempts to overcome this through the incorporation
of the nanoscale CF.
5.2.2.2.2 Effect of nanomodification with CF
The flexural response SHCC with 0, 40, and 100%GP subjected to nanomodification with
CF are also depicted in Fig. 17. The major effect of CF appeared in the improved deflection
capacity δu reflected by the ultimate mid-span deflection corresponding to post-cracking
strength σpc. This was particularly phenomenal in the SHCC with 40 and 100% GP which
have initially lower δu. As such, considering the reference SHCC [Fig. 17 (a)], the
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incorporation of CF at 0.03, 0.05, and 0.10% [Fig. 17 (b)-(d)] resulted in δu of 4.51, 4.92,
and 5.31 mm as compared to 3.91 mm in the reference SHCC. This corresponds to 15, 26
and 36% higher δu. In the SHCC with 40% GP [Fig. 17 (e)], the system without CF had a δu
of 2.45 mm while the incorporation of CF at the above three respected dosages led to δu of
2.94, 3.97, and 4.56 mm [Fig. 17 (f)-(h)] (or an enhancement in δu of 20, 62, and 86%,
respectively). The highest gain was obtained in the system with 100%GP [Fig. 17 (i)] where
δu has increased from 0.64 in the system without CF to 1.73,1.95, and 3.31 mm, respectively
in the systems with 0.03, 0.05 and 0.10% CF [Fig. 17 (j)-(l)] which correspond to 162, 195,
and 400% higher δu. This can be perceived to significantly improve the energy absorption
capacity (the integration of the area under the load-deformation curve) by up to 293%.
In line with the above observations, the effect of CF on first-crack strength in flexure fcc in
the reference SHCC and in the SHCC with 40%GP was not evident. Rather a subtle reduction
in fcc was noticed, but a slightly higher post-cracking strength was recorded. This trend was
more obvious in the SHCC with 100% GP where in the system without CF, fcc was 11.14
MPa, while the incorporation of CF at 0.03, 0.05, and 0.10% reduced the fcc to 7.65, 7.5, and
7.11 MPa, respectively. However, the post-peak cracking fpc was enhanced. For CF contents
of 0.03, 0.05, and 0.10%, the system with 100%GP, the fpc was 10.12, 10. 94, and 11.23 MPa
as compared to 9.53 MPa in the system without CF. This is equivalent to 6, 15 and 18%
enhancement in the post-peak strength fpc. These results are in concord with the uniaxial
tensile response discussed earlier.
Thus, the flexural and uniaxial response of SHCC demonstrates that nanomodification with
CF enabled enhancing the deflection and strain capacity of all SHCC categories with a more
remarkable effect at high GP systems initially deficient in ductility. The enhanced deflection
and strain capacity in the reference SHCC can be leveraged for reducing the critical volume
fraction of PVA fibers necessary for a strain-hardening response. On the other hand, for
HVGP-SHCC, nanomodification with CF allowed significant enhancement in deflection and
strain capacity leading to shifting the response from an initially strain-softening (at 100%GP)
towards the desirable strain-hardening response, thereby making possible the use of GP as
SCM in the design of SHCC with potentially better eco-efficiency. This can be inferred from
the valorization of an otherwise waste material (waste glass) into concrete development and
the valorization of the multifunctional properties of nanocellulose towards enhancing
concrete performance
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Fig. 17. Flexural response of SHCC with 0, 40, and 100% GP subjected to nanomodification with CF.
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Fig. 18. Multiple cracking and deflection capacity in HVGP-SHCC. The figure illustrates the significant deflection capacity reflected by the
remarkable curvature and tight multiple cracking while maintaining the peak post-cracking load for extended deformation
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Fig. 19. Multiple cracking pattern in the different SHCC systems incorporating CF. (a) 0%GP, (b) 40%GP, and (c) 100%GPLower GP
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6 Summary and conclusions
In this study, nanoscale cellulose filaments (CF) were used as a tool to nanotailor the properties
of strain-hardening cement campsites incorporating high-volume ground-glass pozzolans
(HVGP-SHCC). The objective was to enhance the ductility of HVGP-SHCC exhibiting
increased strength but reduced ductility. CF was incorporated at dosages of 0.03, 0.05, and
0.10% in SHCC mixtures containing 0, 40 and 100% ground-glass pozzolans (GP) in
replacement of fly ash (FA). Single-fiber pull-out and fracture mechanics tests were conducted
to construct fiber-bridging stress versus crack-opening response. Micromechanical guidelines
were adopted to assess the performance of different formulations. Uniaxial-tensile and flexural
capacity tests were conducted to validate the performance of different formulations. The
findings of this study are summarised below:
•

The incorporation of GP increased matrix strength by a combination of filler and
pozzolanic effects rendering the matrix denser. Composite strength has been increased
by up to 112% in the uniaxial first-crack strength, 53% in uniaxial post-peak strength,
and 31% in flexural first-crack strength. The increased strength obtained with GP,
however, led to reduced ductility. For instance, at 40% GP, SHCC showed comparable
ductility to that of HVFA-SHCC, while exhibiting higher strength (48% higher firstcrack strength in tension and 20% higher post-crack strength in tension). At 100% GP,
however, the significant increase in first-crack strength (112%) resulted in a substantial
drop in ultimate strain capacity (from 3.01% in the reference SHCC to 0.74%).

•

The incorporation of the nanoscale CF significantly affected the strain-hardening
behavior of SHCC with a more pronounced effect in systems with high GP content
(100%). As such, CF was found to influence both matrix and interface properties. CF
increased the elastic modulus of the matrix (~15%), and reduced the crack tip
toughness, thereby contributing to improving the strain-hardening characteristics of
SHCC. CF also influenced the strain-hardening behavior of SHCC by attenuating the
frictional and chemical bonds and imparting a significant slip-hardening effect (𝛽 >
1.0). This was found to marginally affect the first-crack strength but enhanced the postpeak strength by up 23%.
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The effect of CF was more pronounced on improving the ultimate strain capacity (in
uniaxial tension) and the deflection capacity (in flexure). For this, the effect of CF was
even more significant in the SHCC mixtures with 40 and 100%GP which had initially
higher strength but reduced ductility. Thus, the incorporation of CF in the SHCCs with
0, 40, and 100%GP improved the ultimate tensile strain capacity by 26, 37, and 258%,
respectively. Likewise, the deflection capacity (in flexure) in the mixtures with 0, 40,
and 100% GP was improved by up to 36, 86, and 400%, respectively. As a result, the
energy absorption capacity (in tension) for the above three GP contents can be enhanced
with CF by up to 52, 83, and 238%, respectively. Likewise, the energy absorption
capacity (in flexure) for the three GP contents (0, 40, and 100%) was enhanced with CF
by up to 65, 92, and 293%, respectively.

Finally, overall results demonstrate the usefulness of CF as a tool to impart ductility to HVGPSCHH while serving as a nanoreinforcement altering both matrix and interface properties
towards improved strain-hardening characteristics. As such, nanotailoring SHCC with the
incorporation of CF allowed obtaining strain-hardening behavior even with as high-volume GP
as 100% replacement of FA. This can be viewed as a useful tool for designing high-performance
fiber-reinforced cement composite with superior strength and ductility while promoting
sustainable development.
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Part 4
Application of Nanoengineered StrainHardening Cementitious Composites
incorporating High-Volume Groundglass Pozzolans (nHVGP-SHCC):
High performance composite deck
slabs constructed with nHVGP-SHCC
Chapter 10: Nanoengineered strain-hardening cementitious
composites incorporating high-volume ground-glass
pozzolans for composite slabs with high resistance to shear
bond failure under static and fatigue loading

This part of the thesis has the objective of scaling-up the enhanced
performance demonstrated by the newly developed nanoengineered
HVGP-SHCC towards a structural application, namely composite deck
slabs with an improved shear-bond resistance. Preliminary results are
reported herein while the complete results can be consulted in the
finalized version of the article
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CHAPTER 10

Nanoengineered HVGP-SHCC-Based Composite
Slabs for High Resistance to Shear Bond Failure
10.1 Introduction
In light of the enhanced strength and ductility characteristics obtained with the newly developed
nanoengineered strain-hardening cementitious composites incorporating high-volume groundglass pozzolans (nHVGP-SHCC) as presented in Chapter 9, the current chapter is intended to
exploring the viability of transposing the enhanced mechanical performance demonstrated by
nHVGP-SHCC towards a structural scale. For this, full-scale composite deck slabs (with
dimensions of up to 2400 × 900 mm) were constructed with the new SHCC as a concrete topping.
The slabs will be subjected to cyclic loads often encountered in industrial applications (effect of
machineries, effect of forklifts) as well as in parking structures (moving load of vehicles). This is
in order to leverage the enhanced mechanical strength and ductility of the new concrete to promote
compatibility between the steel deck and its concrete topping to improve slab resistance to shear
bond failure (associated with the deterioration of steel-concrete interfacial bond), one of the main
failure modes in composite slabs. Details of this chapter are included in Section 10.2 as part of an
article under preparation to appear in the Journal of Engineering Structures.
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10.2 Article 8 - High performance composite slabs
constructed with nanoengineered strain-hardening
cementitious composites for improved resistance to
shear bond failure.
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Nano-engineered strain-hardening cement composites with high-volume
ground glass pozzolans for high-performance composite slabs with
improved shear-bond capacity
Ousmane A. Hisseine; Arezki Tagnit-Hamou
Under preparation to be submitted to Journal of Engineering Structures

Abstract
Longitudinal shear failure associated with steel-concrete slip in composite slabs represents one
of the major failure types as transposed by the shear bond method for the structural design of
composite slabs. Steel-concrete slip in composite slabs emerges form the loss of composite
action exacerbated by the inherent discrepancy between the ductility of the steel deck and its
concrete topping. This study investigates how a newly developed nanoengineered strainhardening cementitious composite incorporating high-volume ground-glass pozzolans
(nHVGP-SHCC) can be used as a ductile topping in composite slabs to improve the loadcarrying capacity and resistance to shear bond failure. The study involved testing fourteen fullscale slabs. This includes seven SHCC slabs and seven slabs constructed with a conventional
high-performance concrete (HPC) having a compressive strength comparable to that of their
counterparts. Slabs were tested under flexural static/fatigue load until failure. Test variables
include type of concrete topping (SHCC and HPC) steel deck geometry (reentrant and
trapezoidal), shear span (520 and 665, 770 mm), and loading type (static and fatigue). Results
indicate that with a similar compressive strength in both HPC and SHCC, the latter leads to
increasing the ultimate load-carrying capacity by up to 55% and imparts a ductile failure
characterized by multiple cracking spread over the effective span as contrasted to the localized
cracks observed in composite slabs with HPC.
Author Keywords: Composite deck slabs, engineered cementitious composites (ECC), shear
bond failure, strain-hardening cementitious composites (SHCC), recycled glass powder (GP),
ground glass pozzolans (GP), high-performance concrete, fatigue behavior
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1 Introduction
Composite steel floor deck-slabs (also referred to throughout this work as composite slabs, for
simplicity) represent the most widely used slab system in the construction of multistory steelframed buildings. This is motivated by their numerous advantages such as light weight,
economy, and ease of erection. A composite slab (Fig. 1) consists of a structural concrete
topping placed permanently over cold-formed steel deck in which the role of steel deck is
threefold: (i) a platform during construction, (ii) a permanent formwork for the young concrete,
and (iii) a positive tensile reinforcement for the slab during service. To control temperature and
shrinkage cracks, composite slabs also incorporate welded wire mesh (WWM) which has
theoretically no structural function.

Fig. 1: Schematic of composite slab reinforced with profiled steel decking [Mohammed and
Abdullahi, 2011].
At service, an adequate composite action should be developed between the steel deck and its
concrete topping. However, due to the slip at the steel-concrete interface, the longitudinal shear
bond between the steel deck and its concrete topping varies along the span. Among other failure
types commonly encountered in composite slabs (namely, flexure failure, vertical shear failure
at support, and longitudinal shear failure between the steel and concrete), the longitudinal shear
failure is considered the most common one [Wright and Evans, 1990].
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This common failure type in composite slabs is manifested by the formation of diagonal tension
crack in the concrete at or near the load application points. The formation of diagonal tension
crack is subsequence by a loss of bond between the steel deck and the concrete. Therefore,
proper composite action is necessary to transfer the shear forces between the steel deck and its
concrete topping. The composite action between the steel and concrete can be enhanced by
means of mechanical interlocking such as headed shear studs, embossments (the indentations
on steel sheet surface), and enhanced deck profile and geometry.
While significant research [Schuster, 1976; Porter and Ekberg, 1976; Wright and Evans, 1990;
Abdulla and Easterling, 2009] has already been invested during the last few decades to disclose
the overall behaviour of composite slabs, the relative steel-concrete slip remains a concern. As
a result, the effect of shear bond between the profiled steel and its concrete topping has been
transposed in code practice as one of two methods for composite design adopted by ASCE
[ASCE, 1992], British Standards [BS, 1994], and Eurocode 4 [Eurocode, 1994], namely: (i) the
shear bond method (or m-k method), and (ii) the partial shear connection (PSC) method.
The shear bond failure between the ductile steel deck as compared to the highly brittle concrete
topping may be mobilized by the significant variation between the ductility of the two materials.
However, with the conventional concrete used (the performance of which in composite slabs is
now well established), it is quite challenging to elevate the ductility of concrete topping.
Concrete topping with higher ductility can increase the compatibility between the two major
composite constituents (steel deck and concrete), lead to higher composite action, and reduce
the shear bond failure. Few recent attempts have addressed the behavior of composite slabs with
high performance concrete [Mohammed, 2010; Mohammed et al., 2011; Mohammed et al.,
2016; Hossain et al. 2016]. Among these investigations, the work of Mohammed et al. [2016]
and that of Hossain et al. [2016] have also evaluated the shear bond behavior of composite slabs
constructed with SHCC subjected to static loading. Composite slabs constructed with SHCC
subjected to static flexural loading exhibited higher pre-peak strength as well as enhanced postpeak ductility as a result of the intrinsic strain-hardening feature of SHCC. This mobilized
higher composite action and resulted in improved shear bond capacity in SHCC slabs than in
slabs constructed with conventional concrete [Hossain et al., 2016]. Comparable results were
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obtained by Mohammed et al. [2016] on full-scale testing of composite slabs constructed with
SHCC topping subjected to static flexural load.
While these investigations demonstrate the effectiveness of SHCC topping to allow enhancing
the shear bond capacity in composite slabs subjected to static flexural loading, it should be noted
that repeated loading (where the loss of composite action can be expediated by the effect of
fatigue) can clearly elucidate the importance of improving the performance of composite slabs
by using SHCC topping. This is because the steel-concrete shear bond failure in composite slabs
can be even more problematic under repeated loading causing fatigue failure. This can be of
major concern in elevated composite deck slabs, particularly in industrial applications (forklift,
freight loading and unloading, machinery, etc.) as well as in parking steel-framed parking
structure (repeated moving load from vehicles). In such scenarios, fatigue can expedite the loss
of composite action and exacerbate shear bond failure even when the individual static loads
(being lower that the ultimate capacity of the composite slab) may not cause shear bond failure
[McCuaig and Schuster, 1988].
In light of the above research question, it is hypothesized herein that the shear bond behavior of
composite slabs can be significantly enhanced should the ductility of the concrete topping be
improved. To this end, the current study proposes for concrete topping in composite slabs the
use of a newly developed nanoengineered strain-hardening cementitious composite (SHCC)
incorporating high-volume ground-glass pozzolans (nHVGP-SHCC) presented elsewhere
[Hisseine et al. 2019b; Hisseine et al. 2019c, Hisseine et al. 2019d]. The most important
characteristics of this SHCC is that it couples particle packing optimization with
micromechanical tailoring to produce composites exhibiting higher strength while incorporating
locally available materils. On the other hand, this SHCC incorporates nanoscale cellulose
filaments (CF) such that the resulting multiscale reinforcing system further enhances the
ductility. Therefore, the objective of the current study is to valorise the enhanced strength and
ductility of this newly developed nHVGP-SHCC as a concrete topping to produce highperformance composite slabs exhibiting improved resistance to shear bond failure. To achieve
this objective, an experimental program involving construction and testing of fifteen full-scale
slabs (nine with nHVGP-SHCC and six with a high-performance concrete (HPC) designed with
compressive strength comparable to that of their counterparts) was established. All slabs were
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tested to failure under either a static flexural or under flexural fatigue to provide details on the
shear-bond resistance of SHCC-composite slabs as compared to their counterparts. Research
outcomes contribute towards the valorization of nanoengineered high-performance composite
for the development of high-performance structural systems.

2 Research methodology
To achieve the aforementioned project objective, an experimental program involving
construction and testing of fifteen full-scale composite slabs was established. This includes a
set of 9 composite slabs constructed with the newly developed nanoengineered strain-hardening
cementitious composite (SHCC) incorporating high-volume ground-glass pozzolans (nHVGPSHCC) as well as another set of 6 composite slabs constructed with a commercially supplied
high-performance concrete (HPC). The slabs were tested under static/fatigue flexure load until
failure. Test variables include type of concrete topping (SHCC and HPC) steel deck geometry
(reentrant and trapezoidal), shear span (520, 665, and 770 mm), and loading type (static and
fatigue). The study provides an assessment of the structural performance of nHVGP-SHCC
composite slabs in terms of load-deflection response, shear response, load-slip behaviour, steelconcrete shear bond resistance, ductility, and failure modes to assess nHVGP-SHCC as a
promising material for constructing high-performance composite slabs with a particularly
improved resistance to fatigue-induced shear-bond failure. The following sub-sections provide
further details about the experimental program in terms of materials properties, preparation of
slabs, and testing.

2.1 Materials properties
Two surface-galvanized steel decking profiles were used (a trapezoidal profile named P3615
and a re-entrant profile named reveal series) provided by CANAM (Canada). Both decks are
1.21 mm thick and made from standard steel grade conforming to ASTM A 653M SS. The
former is of Grade 230 with a minimum yield strength of 230 MPa, while the latter is of Grade
275 having a minimum yield strength of 275 MPa. The PVA fibers used in SHCC have 38 µm
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diameter and 8 mm length, 40 GPa elastic modulus and 1400 MPa tensile strength. Fig. 2 show
presents the geometry of these two profiles.

Fig. 2. Geometry of the steel decking used in this study: (a) the trapezoidal profile (P3615),
and (b) the reentrant profile (reveal series)

2.2 Mixture proportions
2.2.1 nanoengineered strain-hardening cementitious composite incorporating highvolume ground-glass pozzolans (nHVGP-SHCC)
The strain-hardening cementitious composite (SHCC) used herein incorporates high-volume
ground-glass pozzolans (HVGP) in replacement of high-volume fly ash (FHVFA). The original
formulation of this nHVGP-SHCC was developed by coupling particle-packing optimization
with micromechanical tailoring additional to the incorporation of nanoscale cellulose filament
(CF) imparting higher ductility. This resulted into different designs having a water-to-binder
ratio of 0.28, a quartz sand-to-binder ratio of 0.35 and various replacement levels of fly ash (FA)
by ground-glass pozzolans (GP) [Hisseine et al. 2019b; Hisseine et al. 2019c, Hisseine et al.
2019d]. Later, for the purpose of scaling-up this SHCC to structural applications, further
optimization of SHCC formulation was undertaken by performing a full-factorial design (23).
Based on the above studies, three design parameters influencing composite strength and ductility
were chosen as: (i) the replacement level of fly ash (FA) by ground-glass pozzolans (GP)
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[20−60%] responsible for increasing compacity and strength but reducing ductility, (ii) volume
fraction of PVA fibers [1.2−2%], and (iii) the content of CF [0.03−0.10%]. On the other hand,
the effect of theses parameters on compressive strength, direct tensile strength, and flexural
capacity were evaluated experimentally in eight basic mixture supplemented by three
repeatability mixtures as well as four verification mixtures. In outcomes, contour lines for
several combinations of the various ranges included in the above three parameters were
established some of which satisfying strength and ductility at low PVA fiber content (This is
described in full detail in a seprate work: [Hisseine et al. 2019e]). One such formulation has
been used for constructing the composite slabs. This formulation consists of 20% GP
replacement of fly ash, 1.6% PVA fibers and 0.10% CE. Table 1 shows the detailed mixture
proportions of the SHCC used herein.

Table 1. SHCC mix proportions, kg/m3
Component

Quantity (Kg)

Water

308.9

Cement

584.4

Class F fly ash

561.0

Glass powder

140.3

Quartz sand

450.0

HRWRA (

6.4

Cellulose filaments (CF)

48.7

PVA fibers

20.8

2.2.2 High-performance concrete
The high-performance concrete (HPC) used in this study was provided by a local ready-mix
supplier [Carrière St. Dominique, Sherbrooke, QC]. The mix design has 14 mm maximum
aggregate size, a water-to-binder (w/b) ratio of 0.41, 2-4% nominal air content, 650±40 mm
target slump-flow diameter, and a target 28-day strength of 50 MPa. On site fresh properties
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consists 680 mm slump, 2% air content, and 2316 kg/m3 fresh unit weight. Table 2 shows the
mixture proportions along with on-site fresh properties.

Table 1. HPC mix proportions, kg/m3
Component

Quantity (Kg)

Water

194

GU cement-Type GUb-S/SF

470

Aggregates (5-20 mm)

600

Aggregates (5-10 mm)

223

Sand

807

Water reducer (140M-Grace)

1600 ml/100kg

Air entraining agent (Air Mac12-Euclid)

10 ml/100 kg

Set retarder [Eucon 727-Euclid]

100 ml/100 kg

Viscosity modifying agent [Visctrol- Euclid]

0.23 kg

2.3 Mixing procedures and specimen preparations
Mixing procedure for SHCC followed a protocol adapted from the mixing sequence described
in details in our former studies [Hisseine et al. 2019c; Hisseine et al. 2019d]. However, to
produce the large volume required to construct the slabs (a minimum of 200 L per slab), the
time for dry-mixing the powders was extended from 7 minutes in regular size batches to 15
minutes in the current study to allow better dispersion of powders and sand. SHCC slabs were
cast such that each slab was cast with one batch. HPC slabs were cast all from the same batch
delivered by the ready mixer. Upon casting, slabs were covered with plastic sheets in an attempt
to maintain a controlled environment and were then kept in the laboratory [at approximately 22o
C and 55% relative humidity (RH)] for 24 hours. Later, the slabs were covered with burlap and
water-cured constantly for 7 days. After the 7th day, the slabs remained exposed to the lab
environment until the age of testing at 91 days. Figs. 3-6 illustrate the different stages of
preparing the slabs.
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Fig. 3. Molds used for casting the slabs for: (a) trapezoidal profile, and (b) reentrant profile

Fig. 4. Casting of SHCC slabs: The figure depicts the exceptional texture, rheology, and selfconsolidating ability of nHVGP-SHCC. The figure shows an SHCC slab where no WWM are used.
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Fig. 5. Casting of high-performance concrete (HPC) slabs using a readily supplied mix

Fig. 6. Curing of composite deck slabs using wet burlap during the first 7 days.
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2.3 Test matrix
Fourteen full-scale slabs were tested. This includes seven slabs cast with the newly developed
nanomodified strain-hardening cementitious composite incorporating high-volume ground
pozzolans (nHVGP-SHCC) and seven slabs with a conventional high-performance concrete
(HPC). For each concrete type (SHCC vs HPC) six slabs were subjected to monotonic static
flexural test while one slab was subjected to flexural fatigue test. Static flexural test for each
concrete type included two sets based on the decking profile (trapezoidal or reentrant). Each set
involves testing three different shear spans (Ls) of 520, 665, and 770 mm. For both cornet types,
dynamic test was conducted only on the trapezoidal profile at Ls value of 770 mm. In this thesis,
only the static tests conducted on the trapezoidal profile for both concrete types will be reported.
The reader is invited to the full article to appear soon [Hisseine et al. 2019f]. Specimen
identification codes includes three pats, the first designating the concrete type, the second
designating the geometry of the steel deck, and the third designating the shear span. For instance,
SHCC-Trap-520 designates the slab with strain hardening cementitious composites tested with
a trapezoidal profile at a shear span of 520mm.

2.4 Instrumentation and testing
Fig. 7 show a schematic of the test set-up used in this study. The set-up consists of a simply
supported configuration allowing to test the slabs in four-point bending. Slab supports consists
a roller and hinge to allow rotation but prevent translation. Each slab was instrumented with two
extensometers placed at mid-span (to measure the central deflection) and four Linear Voltage
Displacement Transducers (LVDTs) installed in pairs at each side of the slab (left and right) to
measure end-slip between steel and concrete. Each slab also has two steel strain-gauges (SSG)
of 10 mm length mounted at the soffit of the steel deck (at mid span) to measure deck strains,
and two other concrete strain-gauges (CSG) of 50 mm length mounted on the top surface of
concrete at mid-span, right above the SSGs, to measure concrete strain. Fig. 7 (a) shows a side
view of the set-up and the instrumentation while further details are provided in Fig. 7 (b)
showing a top view of the slab. An actual scenario is also provided in Fig. 8.
To obtain a given response (central deformation, steel deck strain, concrete strains, end-slip),
the measurements recorded by the corresponding pair of instrumentation devices
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(extensometers, SSGs, CSGs, LVDTs) were averaged. The load was applied through an actuator
equipped with a 500 kN load cell. For static testing, test was conducted in displacementcontrolled mode using a loading rate of 2 mm/minute until complete failure. Slab testing
continued until the load-carrying capacity drops to more that 50% of the ultimate capacity. For
dynamic testing, the slabs were subjected to a sinusoidal waveform fatigue load between a
minimum load applied at 25% of the ultimate static load-carrying capacity and a maximum load
at 75% of the static load-carrying capacity. All instrumentation devices were connected to a data
acquisition system allowing a continuous data record throughout the test. Load versus central
deformation, load versus strain response in the deck, load versus strain response in the concrete
topping, load versus end slip, and cracking pattern were recorded.

Fig. 7. Schematic illustration of test set-up: front view (a), and top view of slab (b)
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Fig. 8. Actual test set-up: Front view (top), and side view (bottom)
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3 Results and discussion
3.1 Load-deflection response, slip response and cracking pattern
Fig. 9 shows the load-deflection response of slabs with trapezoidal profile for both the
conventional high-performance concrete (HPC) [Fi. 9 (a)] as well as for the strain-hardening
cementitious composite [Fi. 9 (b)] developed in this study.
3.1 Slabs with conventional HPC
In the slabs with the conventional HPC [Fi. 9 (a)], for the three shear spans of 520, 665, and
770, the first crack appeared at approximately 25, 22, and 16 kN, respectively. While the first
cracking load varied as function of shear span, the load-deflection response remained linear and
comparable for all slabs up to a load value of about 25 kN. Beyond 25 kN, increasing deflection
caused cracks to coalesce and eventually led to a remarkable steel-concrete slip as demonstrated
in Fig. 10 (a) where significant slip was recorded beyond a load value of 25 kN. After the steeldeck concrete separation, the load-deflection behavior of slabs differed depending on the shear
span. At the shear span of 770 mm the higher lever arm caused abrupt drop in the load carrying
capacity whereby the load-deflection response appeared to be controlled mainly by the steel
deck. At the shear span of 665 mm, the moderate lever arm caused drop in the load carrying
capacity, but the post-cracking response was higher that that at shear span of 770 mm. At the
shear span of 520 mm, the reduced lever arm allowed smoother transfer of load from the
concrete to the steel deck. Thus, the post-cracking response was the highest. Beyond 25 kN,
increasing deflection caused cracks to coalesce and eventually led to a remarkable steel-concrete
slip as demonstrated in Fig. 11 where significant slip was recorded beyond a load value of 25
kN. After the steel-deck concrete separation, the load-deflection behavior of slabs differed
depending on the shear span. At the shear span of 770 mm the higher lever arm caused abrupt
drop in the load carrying capacity whereby the load-deflection response appeared to be
controlled mainly by the steel deck. At the shear span of 665 mm, the moderate lever arm caused
drop in the load carrying capacity, but the post-cracking response was higher that that at shear
span of 770 mm. At the shear span of 520 mm, the reduced lever arm allowed smoother transfer
of load from the concrete to the steel deck. Thus, the post-cracking response was the highest.
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As such, the ultimate capacity for the three respective shear spans corresponded to 44, 36, and
29 kN. Therefore, it was observed that composite slabs demonstrate higher load-carrying at
shorter shear span that at longer ones. This associated with the effect of shear span on the steelconcrete interaction and consequently on the overall composite action. The observed behavior
in load-deflection is also confirmed by the load-strain response depicted in Fig 11 (a) where
higher strains were recorded in both the steel deck and the concrete topping for shorter shear
spans than for longer shear spans. Nevertheless, it was observed all HPC slabs failed by
developing localized cracks concentrated at the points of load application (Fig. 12).
3.1 Slabs with conventional HPC
As for SHCC slabs, the load-deflection response depicted in Fig. 9 (b) shows a remarkably
different behavior than the one observed in their counterparts with conventional HPC. For all
three shear spans (520, 665, and 770 mm), the load-deflection response remained linear until
around 20 kN for the shear span of 770 mm and around 30 kN for the shear spans of 665 and
520 mm. For the three shear spans of 520, 665, and 770 mm, the visible crack appeared at 45,
40, and 30 kN, respectively. Beyond the load level corresponding to the first crack, a raising
portion was observed in the load-deflection response which led to delaying the coalescence of
cracks until a significantly high ultimate load was achieved. The ultimate load-capacity for the
three respective shear spans (520, 665, and 770 mm) was 56, 51, and 45 kN. The above results
confirm the effect of shear span on the ultimate capacity of composite slabs addressed in the
previous section. On the other hand, while HPC and SHCC were designed to exhibit comparable
compressive strength, slabs with SHCC demonstrated a higher first cracking strength. Slabs with
SHCC exhibited a strain-hardening behavior which helped in maintaining a composite action
up to higher load levels, thereby reducing steel-concrete slip [Fig. 10 (b)] and eventually leading
to higher load-carrying capacity as well as higher strain capacity as demonstrated in Fig. Fig 11
(b). Furthermore, the ductile feature of SHCC lead to a failure pattern characterized by multiple
cracking spread over the whole effective span (Fig 13). These observations indicate that the use
of newly developed ecological SHCC in composite slabs can boost the performance of
composite slabs. Further analysis of the performance of composite slabs with SHCC in terms of
shear bon capacity as well as the fatigue response can be found in [Hisseine et al. 2019f].
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Fig. 9. Load-central deflection response: (a) slabs with conventional HPC, and (b) slabs with SHCC
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Fig. 10. Load-end slip: (a) slabs with conventional HPC, and (b) slabs with SHCC

Fig. 11. Load-strain response: (a) slabs with conventional HPC, and (b) slabs with SHCC
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Fig. 12. Cracking pattern in composite slab with conventional HPC

Fig. 13. Cracking pattern in composite slab with SHCC topping
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4 Summary and conclusion
In this this study, a newly developed ecological strain-hardening cementitious composite
(SHCC) incorporating high-volume ground-glass pozzolans and modified at nanoscale with
nano cellulose filaments has been used in structural application as a novel concrete to develop
high-performance composite slabs. Fourteen composite deck slabs were constructed and tested
under either static or fatigue loading. This includes seven SHCC slabs and seven slabs with a
conventional high-performance concrete (HPC). Test variables include type of concrete topping
(SHCC and HPC) steel deck geometry (reentrant and trapezoidal), shear span (520 and 665, 770
mm), and loading type (static and fatigue). The study provides an assessment of the structural
performance of SHCC composite slabs as promising a material for constructing highperformance composite slabs with an improved performance. The specific portion of the study
included in this thesis focuses on the load-deflection strain response, slip response as well as the
cracking patter for slabs with trapezoidal profile. Particular findings are as follows:
•

For both HPC and HPC, composite slabs with shorter shear span exhibit higher loadcarrying capacity as well as higher strain capacity.

•

Compared to composite slabs with conventional HPC, SHCC exhibited higher first cracking
load (by more than 100%) as well higher ultimate load-carrying capacity (up to 55%)

•

The use of SHCC increased the load level corresponding to steel-concrete debonding,
thereby contributed to increasing both the load and strain capacity.

•

In SHCC composite slabs, the ductile feature of their SHCC topping was translated into a
failure mode characterized by multiple cracking spread over the effective span as contrasted
to the localized cracks observed in composite slabs with HPC.

Overall the study reveals that the use of SHCC in composite slabs increase the compatibility
between the steel deck and its concrete topping thereby enhancing the composite action and
resulting into improved load-carrying capacity.
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CHAPTER 11

Conclusions and Perspectives (English)
11.1 Conclusions
In the present thesis, the viability of a using a new type of nanocellulose material (NCM),
namely cellulose filaments (CF) for nanoengineering the properties of cement and concrete
composite has been undertaken through a comprehensive experimental program extending from
nanoscale measurement with nanoindentation assessment to full-structural scale elements.
Through this research, CF were demonstrated promising for nanoengineering concrete
properties at its three major states (fresh, hardening, and hardened). As such, in relation to these
three states of concrete, three potential applications of CF were identified: (1) viscosity
modifying agent (VMA) for fresh concrete, (ii) shrinkage reducing admixture (SRA) for
hardening concrete, and (iii) nanoreinforcing tool for hardened concrete. While these effects of
CF can be interacting within the same mixture, the scope of the current project focused on
characterising the separate effects. Specific conclusions are as follows:
•

CF can serve as an alternative VMA without noticeable drawback on hydration kinetics
while serving for collateral functions such as fiber bridging and internal curing (as
transposed by the multifunctional aspects of natural systems). This is in contrast to most
of commercially available VMAs which interfere with cement hydration and lead to
significant set retardation and drop in strength gain when high dosages are used.

•

Beside CF hydrophilicity, the basic mechanism underpinning the VMA effect of CF is
its high aspect ratio (up to 1000) as well as its flexibility. Thus, a geometry-based
percolation model indicated that CF fibrils can form a percolated network of connected
fibrils which can bridge cement particle and increase mixture consistency. The minimum
CF dosage necessary to reach the percolation threshold was identified as ≈ 0.12 wt.%
which coincided with an inflection point in the trend of mixture demand in high-water
reducing admixture (HRWRA) as well as in the trend of rheological properties in terms
of Bingham parameters (yield stress and plastic viscosity). Therefore, to obtain a VMA
effect of CF without excessively increasing the HRWRA demand, a maximum CF
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content of 0.12% is recommended. However, this dosage can be exceeded in situations
where internal curing is the target.
•

The hydrophilic and hygroscopic features of CF can enhance the properties of hardening
concrete. This effect can be better captured in low water-to-cement systems where
autogenous shrinkage is more pronounced. In this context, CF was found to contribute
towards reducing the autogenous shrinkage in ultra-high-performance concrete (UHPC)
with a particular effect at early ages (due to the time dependent water dispatch from CF).
CF can reduce the autogenous shrinkage during the early age (within the 1st 24 hours)
by up to 45% and during the first 7 days by up to 35%. This is advantageous as compared
to the effect of adjusting the mixture content in silica fume (25-15%) which lead to a
significant drop in flexural capacity (32% lower).

•

CF enhances the mechanical properties of cement pastes and concrete by a coupled effect
of internal curing and nanoreinforcing. The internal curing can also be accompanied by
the hygroscopic CF providing pathways to diffuse water from water-saturated parts of
the matrix towards anhydrous cement grains as demonstrated by SEM micrographs
supporting the likelihood of this hypothesis. On the other hand, the nanoreinforcing
effect was found to provide bridging at the scale of hydrates and a reinforcing tool to the
porous network at the interfacial transition zone. As a result, it is possible to increase the
elastic modulus of cement and concrete composites by around 18%, and the flexural
capacity and toughness by up to 25 and 96% respectively.

•

CF effects on mechanical performance sprout from its ability to nano-modify the
microstructure properties. As such, the improved mechanical properties at the
macroscale were found to be buttressed by an increased degree of hydration at the
microstructure level as well as increased micromechanical properties (indentation
modulus, hardness, and contact creep) of major microstructure phases where the
micromechanical properties of C-S-H can be improved by up to 25%.

•

Salient opportunities offered by CF for altering the properties of cement systems were
leveraged towards the development of nano-engineered strain-hardening cementitious
composite (SHCC). For this, firstly, a new SHCC was developed via a new approach
coupling particle packing optimization with micromechanical tailoring. Here, the new

Chapter 11: Conclusions & Perspectives ((English)

486

approach provided a systematic replacement of FA by GP. In this quest, replacing the
commonly used fly ash (FA) with ground-glass pozzolans (GP) under the guidance of
packing density optimization lead to mixtures with enhanced strength. However, for
mixtures incorporation GP in excess of 40%, the ductility is relatively lower. With CF
incorporated at ranges from 0.03-0.10, it was possible to enhance the elastic modulus of
the plain matrix and reduce the crack tip toughness. On the other hand, the high surface
of CF high allowed attenuating excessive interfacial frictional bond between PVA fibers
and the matrix (as encountered at high GP content) while imparting a characteristic sliphardening effect which contributed towards imparting a more ductile composite
behavior.
•

The characteristic slip-hardening effect imparted by CF at the micromechanical behaviour
of interface properties was translated into higher complementary energy. When the latter
is paralleled with the increased matrix elastic modulus (and reduced crack tip toughness
offered by CF), enhanced complementary energy and ductility were obtained, particularly
in mixtures with high GP content. Thus, for selected SHCC mixtures with GP content of
0, 40, and 100% in replacement of FA, the improvements in ultimate strain capacity were
respectively 26, 37, and 258%. Consequently, the energy absorption capacity was
enhanced with CF by up to 52, 83, and 238%, respectively. Thus, with the incorporation
of CF, it was possible to produce SHCC with up to 100%GP replacement of FA exhibiting
higher strength and ductility, while contributing towards promoting ecoefficiency.

•

Scaling-up the newly developed SHCC to structural application by using this SHCC as
concrete topping in composite deck slabs increased the compatibility between the steel
deck and its concrete topping, led to resisting higher load prior to steel-concrete separation,
and eventually resulted into slabs with improved ultimate flexural load carrying capacity
by up to 55%. This improvement in ultimate capacity was accompanied by a ductile
failure characterized by multiple cracking spread over the effective span as contrasted
to the localized cracks observed in composite slabs constructed with conventional highperformance concrete.
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11.2. Perspectives
While CF offers several opportunities to enhance the performance of cement systems, the
following aspects need be carried over for further research:
•

The effectiveness of CF in the enhancement of most properties appears to be at low
dosages typically 0.03-0.15%. While this can be justified by the increased CF surface
area, it is almost undebatable that effective dispersion at high CF content is a challenge.
Currently the dispersion protocol involves high shear mixing. Ultrasonication has been
proven effective with several nanomaterials but its use in field application is not evident.
For this, it is recommended that CF may be functionalized by grafting onto its surface
surfactant molecules with a twofold effect to: (i) enhance CF dispersion, and (ii) play a
dispersing role in the mix by replacing the HRWRA.

•

Develop effective dispersion techniques adoptable with in-situ casting. Current
dispersion techniques and tool are adapted to laboratory-scale specimens. At industrial
scale, much more effective dispersion protocols are needed. This can be attempted at the
same time with the former proposition on grafting surfactants on CF surface to promote
dispersion. This will reduce the amount of water being used now to make readily
dispersed CF suspension where the cost of transporting suspensions (majorly water) is
perceived to add to the concrete invoice.

•

While market-based applications of CF-concrete has just started (upon the findings of
this research) in one industrial sector (in cement-based sewer pipes by a Quebec-based
firm), further markets should be explored to valorise the multifunctional aspects of the
material. For instance, the VMA effect of CF associated with the formation of nanoscale
filament networks bridging cement particle and fostering mixture stability, may be
exploited in shotcrete applications, in extruded concrete, and in printable concrete.

•

Characterize the interaction between the different roles of CF and how these interactions
can influence composite properties so that adequate CF dosage for specific desirable
functions may be determined. For instance, separating the nano-bridging effect from the
internal curing effect in autogenous shrinkage control, may allow determining the
adequate CF dosage necessary to provide a given tensile resistance to the matrix to
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withstand volumetric instabilities. Or vice-versa this can allow quantifying the amount
of water needed for stabilize matrix internal relative humidity and consequently control
self-desiccation.
•

The synergy between CF and macro-fibers detected in strain-hardening cementitious
composites (SHCC) can be explored further with other FRC types such that FRC
incorporating CF can be made with reduced macrofiber content, thereby reducing the
cost of producing conventional FRC.

•

Characterise the coupled effect of CF and other shrinkage reducing admixtures such as
those responsible for reducing pore surface tension and those acting by expansion such
as sulfo-aluminate-based expansive agents.

•

Valorise the water carrying capacity of CF to explore the coupled effect of CF and selfhealing agents necessitating water supply to be efficient.

•

The long-term durability of CF in cement systems is a concern requiring further studies.
Major concerns in this matter relate to the potential degradation of CF inside the high
pH and alkaline medium of cement.
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CHAPTER 12

Conclusions et Recommendation (Français)
12.1. Résumé et Conclusion
Cette étude a pour but de valoriser un nouveau type de matériau nano-cellulosique, notamment,
les filaments de cellulose (FC) pour développer des bétons nano-modifiés à performances
améliorées. Au cours de cette recherche, l’incorporation des CF a été démontrée efficace pour
une nano-ingénierie des prospérités du béton dans ses trois états principaux (frais, durcissant et
durci). Ainsi, en relation avec ces trois états, trois applications potentielles de FC ont été
identifiées: (1) l’utilisation des FC comme agent modificateur de viscosité (VMA) pour le béton
frais, (ii) utilisation de FC comme un adjuvant réducteur de retrait (SRA) pour le béton
durcissement, et (iii) l’utilisation de FC comme un renforcement nanométrique. Les conclusions
spécifiques suivantes sont tirées de cette étude:
•

Les FC peuvent servir comme un agent modificateur de viscosité (VMA) ainsi offrant
une option alternative aux VMA traditionnels, sans avoir des inconvénients sur la
cinétique d'hydratation tout en conférant des fonctions collatérales telles que le pontage
de fissures et la cure interne. Ceci est difficile à obtenir avec la plupart des VMA
couramment utilisés tels que ceux à base de Welan Gum (qui interfèrent avec
l'hydratation du ciment et entraînent un retard de prise important et une perte de
résistance lorsque des teneurs élevées sont utilisées).

•

Outre le caractère hydrophile des FC, le mécanisme de base qui sous-jacent l’effet VMA
de la CF est le ratio d’aspect élevé (jusqu’à 1000) ainsi que la flexibilité des fibrilles
cellulosiques nanométriques. Ainsi, un modèle de percolation basé sur la géométrie a
indiqué que les FC forment un réseau de fibrilles connectées (percolées) pouvant relier
les particules de ciment et augmenter la consistance du mélange. La teneur minimale de
FC nécessaire pour atteindre le seuil de percolation a été identifiée à environ 0,12% en
poids de liant, ce qui coïncide avec un point d'inflexion de la tendance de la demande
des pates cimentaire et bétons en superplastifiant ainsi que sur la tendance des propriétés

Chapter 12: Conclusions et Recommandations ((Français)

490

rhéologiques. Par conséquent, pour obtenir un effet VMA des FC sans une augmentation
excessive en teneur de superplastifiant, un dosage maximal en FC de 0,12% est
recommandée. Cependant, ce dosage peut être dépassé dans les cas où l’effet de cure
interne est visé.
•

Les caractéristiques hydrophiles et hygroscopiques des FC peuvent améliorer les
propriétés du béton durcissant. Ces potentiels peuvent être exploités dans des systèmes
à faible rapports eau-sur-liant (E/L). Dans ce contexte, il a été constaté que les FC
contribuent à la réduction du retrait autogène dans les bétons à ultra hautes performances
avec un effet particulier à jeune-âge (en raison d’une action synergétique articulant le
dégagement de l’eau contenue dans les FC au pontage des fissuration): Des réductions
en retrait endogène jusqu'à 45% et 35% ont été obtenues au cours des premiers 24 heures
et 7 jours, respectivement. Ceci est avantageux par rapport à l’effet de l’ajustement de
la teneur de la fumée de silice (25-15%) qui conduit à une chute significative de la
capacité de flexion (une réduction de 32%).

•

Les FC améliorent les propriétés mécaniques des composites cimentaires par un effet
double : (i) un effet de renforcement, et (ii) un effet de cure interne. Le premier peut
également être accompagné par l’effet des FC (étant hygroscopiques) fournissant des
voies pour diffuser de l'eau à partir des particules saturées en eau vers des particules
anhydres. D'autre part, l’effet de nanoreinforcement permet un pontage des fissures à
l'échelle des hydrates et de renforcer la zone de transition interfaciale. Pour ce, avec
l’incorporation de FC, il était possible d'augmenter le module d'élasticité des composites
cimentaire jusqu’à 18%, ainsi que la résistance à la flexion (25%) et la ténacité (96%).

•

L’effet des FC sur les performances mécaniques discutées ci-haut, provient de la
capacité de FC à nano-modifier les propriétés de la microstructure. Ainsi, l'amélioration
des propriétés mécaniques à l'échelle macroscopique est supportée par un degré
d'hydratation amélioré au niveau de la microstructure ainsi que par des propriétés
micromécaniques plus importantes (module d'indentation, dureté, et fluage du contact)
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des phases majeures de la microstructure où les propriétés micromécaniques de CSH été
améliorées jusqu'à 25%.
•

Pour une mise en valeur des différents apports de la nano-modification des composites
cimentaires par l’incorporation des FC, une nouvelle formulation d’un béton de haute
performance de type béton écrouissant a été développée. La conception de ce nouveau
béton a suivi une nouvelle approche articulant l’optimisation de la compacité granulaire
avec les modèles micromécaniques. Ainsi, la poudre verre (PV) provenant du
concassage des bouteilles de verre a été incorporée en remplacement de la cendre volante
(CV) – souvent utilisée dans cette application–de manière à optimiser la compacité de
la matrice pour améliorer la résistance mécanique. Pa la suite, les FC ont été introduits
comme un renforcement nanométrique permettant d’obtenir un béton renforcé à multiéchelle.

•

Les résultats démontrent que les FC ont permis de nano-renforcer la matrice ainsi que
d’améliorer les propriétés d'interface entre la matrice et les macro-fibres d'alcool
polyvinylique (PVA), permettant ainsi d'améliorer le comportement d'écrouissage.
Ainsi, des bétons écrouissants contenant jusqu’à 100% de PV en remplacement de CV
ont été développés. Les formulations obtenues ont un caractère autoplaçant (≈250 mm
d’étalement) et présentent (à 28 jours) une résistance à la compression de 60-75 MPa,
une capacité de flexion de 9-15 MPa, une résistance à la traction directe de 3-6 MPa,
une capacité de contrainte de traction de 2-5% et une résistivité électrique améliorée.
Les bétons formulés présentent, alors, des performances mécaniques supérieures à celles
des bétons écrouissants contenant la CV. Néanmoins, bien que l’amélioration de la
résistance mécanique obtenue avec la PV ne compromette pas la ductilité du composite
jusqu’à 40% de PV, une ductilité réduite a été observée quand la teneur en PV dépasse
40%. Pour ce, le FC a été utilisé pour conférer un effet nano-renforçant ainsi que pour
améliorer les propriétés d'interface entre la matrice et les macro-fibres. L’incorporation
des FC a démontré un double effet sur le comportement des bétons écrouissants : (i) le
module d'élasticité de la matrice plaine des bétons écrouissant est très important en
présence des FC. Ceci a contribué à réduire la ténacité de la fissuration, (ii) les FC ont
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atténué la friction excessive−entre les macrofibres et la matrice−rencontrée à des
teneurs élevées en PV (limitant la ductilité du béton). Les FC ont aussi conféré un effet
écrouissant à l’arrachement des macro-fibres de PVA permettant ainsi d’accroitre la
capacité de contrainte en traction. Une amélioration de la capacité de déformation et de
la ductilité au-delà de 200% par rapport aux systèmes sans FC a été obtenue. Ainsi, avec
l’incorporation de FC, il était possible de produire des bétons écrouissant contenant
jusqu’à 100% de PV en remplacement de CV tout en présentant des résistances
mécaniques et ductilités plus importantes.

12.2 Recommandations
Bien que les FC offrent plusieurs possibilités d'améliorer les performances des composites
cimentaires, les aspects suivants doivent être considérés dans les travaux ultérieures:
•

L’efficacité des FC à améliorer les propriétés de bétons semble -dans la majorité des casse situer à des dosages très faibles, généralement de 0,03 à 0,15%. Des teneurs élevées
en FC sont moins efficaces et parfois causent des résultats négatifs. Ceci est due
principalement à la dispersion qui devient de plus en plus difficile en haute teneurs en
FC. Actuellement, le protocole de dispersion (mélange à haute cisaillement et dispersion
en utilisant des polycarboxylate) demeure efficace pour des quantités de béton à l’échelle
du laboratoire, pour des applications de chantier, des nouveaux protocoles doivent être
développés. La fonctionnalisation des FC (en y-greffant des molécules dispersant) est
l’un des sujets à explorer pour améliorer la dispersion.

•

Alors que l’applications de béton incorporant des FC au marché vient tout juste de
commencer (d’après les résultats de cette recherche) dans un secteur industriel (tuyaux
à béton), d'autres marchés devraient être explorés pour valoriser les aspects
multifonctionnels des FC. Par exemple, l'effet VMA et thixotropique des FC peut être
exploité dans les applications des béton projetés, des béton extrudés et bétons imprimés.

•

Caractériser l'interaction entre les différents rôles de FC et la manière dont ces
interactions peuvent influer sur les propriétés de béton, de manière à pouvoir déterminer
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un dosage adéquat de FC pour des fonctions spécifiques visées. Par exemple, en ce qui
concerne le retrait endogène, le fait de séparer quantitativement l'effet de nanorenforcement de celui de la cure interne pourra permettre de déterminer le dosage
adéquat de FC nécessaire pour fournir une résistance à la traction donnée à la matrice
afin de résister aux instabilités volumétriques. En coutre, cela pourra permettre de
quantifier la quantité d’eau nécessaire pour contribuer à la stabilisation de l’humidité
relative interne de la matrice et par conséquent de contrôler l’auto-dessiccation.
•

La synergie entre les FC et les macrofibers telle que détectée dans les bétons écrouissant
peut être transposée vers d'autres types de bétons fibrés, de telle sorte à produire des
bétons fibrés plus écologiques (incorporant moins de macrofibers)

•

Caractériser l'effet synergétique entre les FC et d'autres agents réducteurs de retrait, tels
que ceux responsables de la réduction de la tension de surface des pores et ceux agissant
par expansion tels que les agents d'expansion à base de sulpho-aluminate.

•

La durabilité à long terme des FC dans les composites cimentaires est une préoccupation
qui nécessite des études supplémentaires. Les principales préoccupations à cet égard
concernent la dégradation potentielle des FC dans le milieu alcalin à pH élevé du ciment.
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