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Abstract

Oliveira de Souza, Leticia; de Andrade Silva, Flavio (Advisor). The
effect of micro and nano cellulose fibers on the chemical, physical
and mechanical properties of cement pastes. Rio de Janeiro, 2022.
205 p. Tese de Doutorado — Departamento de Engenharia Civil e
Ambiental, Pontificia Universidade Catolica do Rio de Janeiro.

The seek for low environmental impact materials has become one of
the priorities of construction building materials engineers. One of the
reasons is the massive growing contribution of cement production industry
in worldwide CO; emissions. In this scenario, the dissemination of
nanotechnology into varied areas is drawing attention for enabling new
possibilities. The idea of the present thesis is to associate a material
provided from a natural source with the potential benefits of
nanotechnology to modify conventional cement pastes regarding their
chemical, physical and mechanical aspects. Nanocellulose arises as an
alternative that meets an eco-friendly source with remarkably properties
expected from nanomaterials. There are different types of nano cellulosic
materials that may be tailored to achieve desired compatibilities with varied
cementitious materials. In this work, nanofibrillated cellulose (NFC) in the
form of gel, and microcrystalline cellulose (MCC) particles were
investigated, so a comparison could be traced between them. The use of
both NFC and MCC in cementitious materials is recent and there are
important gaps regarding their effect. For that reason, the feasibility of MCC
and NFC to act as reinforcement on cement pastes was evaluated through
compressive and flexural tests. Then, the possible mechanisms behind the
effect of MCC and NFC on the microstructure of cement pastes were
investigated through distinct chemical and physical analyses. Moreover, the
total and autogenous shrinkage were characterized, as well as the dynamic
and static rheological behaviors. Due to rheological modifications, the

mixture of cement pastes with NFC was facilitated by a superplasticizer,
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especially for percentages higher than 0.050% wt. The MCC and NFC
promoted the reinforcement of the cement pastes, regarding flexural and
tensile stresses, increasing the composite strength and modulus. It was
observed that he water present in the NFC gel is not totally available as
mixing water due to the morphology and hydrophilicity of the fibrils. If
associating certain levels of inclusions and water ratio, the NFC inclusion
led to a decrease in autogenous shrinkage. The addition of 0.040% of NFC
resulted in similar outcomes to 1.000% of MCC regarding their ability to

increase yield stress and viscosity.

Keywords

Nanofibrillated cellulose; microcrystalline cellulose; cement paste;
mechanical properties; shrinkage; rheology.
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Resumo

Oliveira de Souza, Leticia; de Andrade Silva, Flavio (Orientador). A
influéncia de micro e nanofibras de celulose em propriedades
quimicas, fisicas e mecinicas de pastas de cimento. Rio de Janeiro,
2022. 205 p. Tese de Doutorado - Departamento de Engenharia Civil,
Pontificia Universidade Catélica do Rio de Janeiro.

A busca por materiais que nao impactem negativamente o meio
ambiente tem sido uma das prioridades de engenheiros que trabalham com
materiais de construgdo. A emissdo expressiva de CO> na producdo de
cimento contribui para tal preocupacao. Dentro deste cendrio, solugdes com
emprego de nanotecnologia vém chamando a atengdo em diversas areas por
proporcionar novas solucdes. O principal objetivo da presente tese ¢
associar um material proveniente de uma fonte natural com beneficios
provenientes da nanotecnologia a fim de modificar propriedades de pastas
de cimento considerando seus aspectos quimicos, fisicos € mecanicos. A
nanocelulose se apresenta como material proveniente de fonte renovavel que
apresenta propriedades atraentes aos materiais cimenticios, sendo assim uma
opcdo a ser utilizada em conjunto com o cimento. Dentre os diversos tipos
disponiveis, a celulose nanofibrilada (CNF) foi elencada para ser
investigada neste trabalho. A celulose microcristalina (CMM) foi incluida
nas investigagdes para possibilitar uma comparagdo direta entre as fibrilas
da CNF e as particulas de CMM. O uso desses materiais celuldsicos pode
ser considerado recente e, com isso, existem ainda lacunas no que tange o
entendimento dos seus efeitos em materiais cimenticios. Assim, a
viabilidade da CNF e da CMM enquanto refor¢os em pastas de cimento foi
avaliada por meio de ensaios de compressdo e flexdo. Os possiveis
mecanismos responsaveis pelo efeito de ambas CMM e CNF foram
estudados por meio de analises quimicas e fisicas. Por fim, foi realizada a
caracterizagdo das pastas refor¢adas quanto a retragdo, total e autdgena, e a

reologia, nos regimes estitico e dinamico. Por conta dos impactos na
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trabalhabilidade promovidos pela inclusdo de CNF, a mistura delas nas
pastas de cimento foi facilitada com a adicdo de superplastificante,
especialmente em porcentagens maiores que 0.050%, em peso. A CMM e a
CNF se mostraram eficazes em reforgar as pastas de cimento quanto a
esfor¢os de flexdo e tragdo, levando ao aumento das respectivas resisténcias
e modulos. Os resultados obtidos mostraram que a dgua presente no gel da
CNF nao esta totalmente disponivel como 4gua de mistura por conta da
morfologia e hidroficilidade das fibrilas. Observada uma certa combinagdo
de porcentagem e fator agua-cimento, a inclusdo de CNF diminuiu a
retragdo autdgena das pastas. A inclusdo de 0,040% de NFC levou a
resultados semelhantes aos da adicdo de CMM referente ao aumento da

tensdo de escoamento e da viscosidade.

Palavras — chave

Celulose nanofibrilada; celulose microcristalina; pasta de cimento;
propriedades mecanicas; retracao; reologia de pastas.
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Dalva poderia tantas coisas se pudesse. Mas so pode o que fez. Quem vé de
fora faz arranjos melhores, mas é dentro, bem no lugar que a gente ndo veé,

que o ndo dar conta ocupa tudo.

Carla Madeira, Tudo é rio
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1. Introduction

1.1. Motivation

The search for innovative materials has always been an important aspect of the
evolution of our society. Cellulose is the main component responsible for the
strength of plants. If one removes the defects and the parts that are not as strong as
cellulose from natural fibers, the resulting material, i.e., micro or nanocellulose, is
expected to possess superior properties than its source. Thus, the objective of
using nanocellulose is to explore all the benefits of cellulose. With impressive
mechanical properties, around 100 GPa of strength and 130 GPa for elastic
modulus, nanocellulose fibers are able to reinforce different types of matrices
while allowing flexibility. Additionally, they present a high specific area, high
water absorption capacity and, are expected to be more stable towards durability
than their source plant. These materials are also desirable due to their
environmentally friendly characteristic and their availability since they are the
most abundant polymer on Earth [1-5]

Due to the aforementioned reasons, nanocellulose is a material with
extraordinary properties and its impact on cementitious materials’ properties
should be studied. The use of nanocellulose in cementitious materials is quite
recent and dates from 2009 [6]. There are some research papers about
nanocellulose inclusions in cementitious materials and they had evidenced their
effect on both fresh and hardened properties. The most affected properties seem to
be the workability, hydration reactions, and mechanical response. The main
reasons for the changes in the properties reported by the authors are the presence
of hydroxyls free groups and the nanocellulose’s porous and hydrophilic
microstructure. In addition, two mechanisms, steric stabilization, and short-circuit
diffusion, also seem to be responsible for nanocellulose interactions with cement
particles and hydration products.

Despite the seeming benefits, the dispersion of nanomaterials is one of the

primary issues in the successful use of this type of material. In fact, the dispersion
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of nanocellulose is the limiting factor of the amount of inclusion in cementitious
materials. A full understanding of how micro and nanocellulose act in a
cementitious environment allows the comprehension of the multiple properties

modified by the presence of those materials.
1.2. Goals

This work aims to investigate how the mechanical and physical properties of
cement pastes are modified by the presence of microcrystalline cellulose (MCC)
and nanofibrillated cellulose (NFC). But first, a proper dispersion method that
considered the particularities of each cellulosic inclusion was developed. How the
modifications can be related to the microstructure of the cement pastes was
assessed by chemical analysis. The present work also intends to characterize the
reinforced cement pastes according to shrinkage and rheological behaviors. The
unique morphology of MCC and NFC and how each type convey the water
present in the system were discussed through the thesis in order to improve the

discussion.

1.3. Thesis organization

The present thesis includes this introduction as part of the Chapter 1, a
literature review on Chapter 2 and four chapters, 3-6, besides a conclusion
Chapter 7. The introduction chapter brings the motivation and the goals of this
work. The literature review chapter presents an introduction with the main aspects
of cellulose-based materials, their influence on cementitious matrices’ properties,
and current dispersion methodologies used. By the end of the literature review, the
gaps and challenges about the use of micro and nanocellulose in cementitious
matrices are addressed. The following four chapters were developed to meet the
needs aforementioned.

(1) Chapter 3: “Investigation of dispersion methodologies of
microcrystalline and nanofibrillated cellulose on cement pastes”,
published in Cement and Concrete Composites
(https://doi.org/10.1016/j.cemconcomp.2021.104351).  The  first
chapter brings the characterization of the cellulosic inclusions. The

feasibility of using NFC and MCC as reinforcements of elements on
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a mesoscale was checked. This study was performed along with the
development of dispersion and mixture methods. The objective of
this chapter was to validate the use of the MCC and NFC as
reinforcement on subsequent structural elements and to develop
mixture methodologies for them.

(i1) Chapter 4: “Effect of microcrystalline and nano-fibrillated cellulose
on the hydration and mechanical behavior of cement pastes”. After
the wverifications made in Chapter 3, the possible hydration
mechanisms were investigated, at mechanical reinforcement and
microstructure levels.

(i11) Chapter 5: “Effect of nanofibrillated cellulose on shrinkage of
cement paste”. The use of the nanofibrillated fibrils as shrinkage-
decreasing agents, both total and autogenous, was verified by means
of a series of tests. A brief discussion on the relation of the water and
the NFC gel was initiated.

(iv) Chapter 6: “Nanofibrillated and microcrystalline cellulose effect on
rheological properties of cement pastes”. The rheological
characterization of the reinforced cement paste was made by means
of two-point tests, under the dynamic and static regimes. In this
Chapter, the discussion of the role of the water present in the NFC
gel was improved due to investigations made on cement pastes with
different water-to-cement ratios.

The investigations made on Chapters 3 and 4 were driven with the aim of
verify the usage potential of the materials on further structural elements and to
understand how the inclusions work on the cement pastes. The Chapters 5 and 6
bring the discussions of important aspects for possible applications of cement
pastes reinforced with NFC or MCC. The last Chapter, the seventh, brings the
conclusions made based on the Chapters 3-6, and suggestions for future works.

The outline of the thesis is presented in Figure 1-1.
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Chapter |
Introducrion

Chapter 2

Literahure review

Chapter 3
Materiak” characterization.
mixtire procedures and
ganeral feasibility

Chapter 4
Investigation of hydration
mechanisms

Chapter 5 Chapter 6
Shrinkage’s aspects Rhenlngy’s aspects

Chapter 7
Conclusions and suggestions

Figure 1-1 Outline of the thesis organization.

It is important to mention that while Chapter 3 was almost fully developed at
PUC-Rio, in Brazil, the experiments that belong to Chapters 4-6 were carried at
TU-Dresden, in Germany. This two-part collaboration was possible due to the
Probral program and lasted 13 months. The work carried at TU-Dresden was
developed under supervision of Prof. Viktor Mechtcherine on the Faculty of Civil

Engineering (Labor Fiir Gefiigemorphologie and Alfred-Hiitter-Laboratorium).
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2. Literature review

2.1. Overview of the cellulose-based materials

Cellulose is the natural polymer most found in nature with the formula
(Cc010Hs)n. This organic compound consists of linked monosaccharides
(glucose) arranged in linear chains, where carbon 1 (C-1) of every glucose
molecule is bonded to C-4 of the next unit [1,2]. The cellulose chains have
hydroxyls intramolecularly disposed, forming fibrous structures called nanofibrils
[3,4]. Cellulose is the main component of plant cell walls that, associated with
lignin and hemicellulose, confers to them strength and sustenance. Their
characteristics such as fibrils length and crystallinity depend on the source, in
other words, the type of the source plant [2,5,6].

There are different types of cellulose-based materials. The dominate size
distribution leads their classification on the micro or nanoscale. The nanocellulose
term covers the range of materials derived from cellulose with at least one
dimension in the nanometer scale [6,7]. One can divide them into two groups: the
fibrils, such as cellulose nanofibrils, nanofibrillated cellulose, cellulose
nanofibers, and the crystals, such as, cellulose nanowhiskers, cellulose whiskers,
cellulose nanocrystals.

Owing to natural fibers hierarchical structure and semi-crystalline nature,
nanoparticles can be extracted from them using a top-down mechanically or
chemically induced deconstructing strategy [4,6,8,9]. The production methods are
different for each nanomaterial desired. In general, nanocellulose can be extracted
from various lignocellulosic plant sources by using mechanical, chemical,
enzymatic methods or even a combination of them [7]. The mechanical methods
involve considerable consumption of energy, while the chemical processes usually
use acids that may be considered as not a sustainable option. Thus, research has
been focused on finding environmental conservation, high efficiency, and low

costs methods to isolate nanocellulose [5].
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Two types of cellulose-based material were select as materials of investigation
on the present research. According to the aforementioned nomenclature, the
microcrystalline cellulose (MCC) is not on the nanoscale but on the microscale
and it is part of the crystal group. The nanofibrillated cellulose (NFC) is on the
nanoscale and within the fibrils group. MCC and NFC used in this present work
are presented in Figure 2-la and b, respectively. Their particularities and
extraction approaches are discussed on the following items, although the main
difference between them is the presence of a hydrolysis step on the MCC’s
production. The characterization of the ones used in this study is detailed in

Chapter 3.

Figure 2-1 Macro aspects of (a) MCC powder and (b) NFC gel.
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2.1.1. Microcrystalline cellulose (MCC)

MCC consists almost exclusively of cellulose crystals with variable length
within the microscale range [6,9]. The shape of the particles varies since larger
fibrous rod-like to smaller irregular cubes. The top-down approach is utilized to
produce microcrystalline cellulose. MCC is usually presented in powder form and
may be derived from cellulose by acid hydrolysis followed by homogenization
[6,9,10]. One benefit of MCC is that they are currently commercially available,
which facilitates their applications [2,11-13].

Parveen et al. [14] observed by atomic force microscopy (AFM) images the
presence of pure crystalline structures. Such structures may be extracted through
chemical and/or mechanical means from the MCC particles resulting in cellulose
nanocrystals (CNC) [15,16]. MCC may also be produced from a-cellulose found
in, for example, agro-wastes, if submitted to purification process. This purification
occurs usually by reactions in boiling acids, as hydrochloric acid (HCI1) [17] and

sulfuric acid (H2SO4) [18].
2.1.2. Nanofibrillated cellulose (NFC)

NFC is composed of fibrillar units with both cellulose crystals and amorphous
parts. It presents a high aspect ratio and usually forms agglomerated networks
[10,19,20]. The top-down mechanical approach is usually combined with pre-
treatments in order to extract fibrils. Mechanical shearing actions applied to
cellulosic fibers release individual micro-fibrils. This material is usually called
microfibrillated cellulose (MFC). The chosen method and the plant source will
determine the morphology and properties of the fibrils. The mechanical processes
include high-pressure homogenization and grinding [5,21-23]. Applying only
mechanical procedures to achieve MFC may consume a high amount of energy.
Thus, different pre-treatments have been proposed to facilitate the process and to
enable the production of thinner and higher crystallinity fibers.

Among the pre-treatments, there are mechanical cutting, acid hydrolysis,
enzymatic treatment, bleaching and the introduction of charged groups through
carboxymethylation or 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated
oxidation [4,6,24-26]. These pre-treatments usually generate finer fibrillated

cellulose, called nanofibrillated cellulose (NFC) [6,24]. The diameter of MFC is
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in the range of 10 to 100 nm and NFC is about 4 to 20 nm [24]. The length
depends on the source of cellulose, defibrillation process and pre-treatment
applied [2,6]. Although it is difficult to measure the length due to entanglements,
this physical property is usually considered higher than 1 pm [6,27]. By the end of
the processes, MFC and NFC are obtained as a suspension in a liquid, usually
water.

The NFC here used was obtained by the mechanical defibrillation on pulp and
the process will be detailed in Chapter 3. This procedure is rather usual and
applied elsewhere before [8,28-31]. The refinement of the fibrils is promoted by
the number of defibrillation steps and the morphology of the resulting fibrils can
be followed by image analysis [29,30]. In general, the more time processing, the

thinner is the NFC [8,9,28].

2.2. The influence of cellulose-based inclusions on the properties of
cementitious materials

The terminology of microfibrillated cellulose was first coined in the 1980s
[32]. The majority of the current research and applications of nanocellulose is on
polymeric matrices [7,33,34]. When it comes to cementitious matrices, the first
paper, to the best of the author’s knowledge, is from 2009 [35]. Ever since, there
is a growing interest in exploring the changes in cementitious materials upon the
presence of micro and nanocellulose.

The use of cellulose-based materials in cementitious composites may have
different approaches as they can be used as reinforcement or as additions. For
their small size, the particles may fill gaps in the microstructure of the matrix,
altering hydration reactions [25,28,36,37]. The concept of using nanocellulose as
reinforcement comes from the attempt to explore the high stiffness, strength and
the high aspect ratio they present [6,38—40]. These characteristics could be
responsible for arresting microcracks and favor a more ductile behavior [26,41—
45]. Furthermore, nanocellulose owns a high specific surface area that may
provide good fiber-matrix bonding. The hydroxyl groups available on cellulose
chains could enable the formation of hydrogen bonds between nanocellulose and
cementitious matrix, leading to an increase in the interface bonding [28,46,47].

These interactions affect mostly hydration reactions [25,36,37,47-49] and fresh
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properties [24,28,37,48,50-54] resulting in an impact on the mechanical response
[18,25,26,28,35,36,49,50,52,55].

The following Sections are devoted to summarizing the main findings
regarding the effects of micro and nanocellulose on diverse properties of
cementitious matrices. The examples are focused on the effects of the inclusion of
MCC and NFC. Those properties include rheology, hydration, porosity,

mechanical performance, and shrinkage.
2.2.1. Influence on rheology

2.2.1.1. Concepts of rheology

Rheology can be understood as the study of the flow behavior of a material
submitted to stresses, under specific thermodynamic conditions, during a time
interval [56]. In the case of cementitious materials, the comprehension of flow
behavior refers mainly to the fresh state of the cement-based materials. The flow
characteristics of concrete can limit its utilization and interferes on the way of
processing it. The cement particles react with water and the hydrates form a
plastic paste that develop rigidity within a few hours. The following hard state is
when it develops compressive strength over several months [57].

The cement paste can be considered a non-homogenous viscous liquid, or a
flocculated suspension, that needs an initial stress different from zero to start to
flow. In short, from the first contact with water, the hydration process starts and
until the end of the dormant period, the cement paste presents itself on the fresh
state until it sets. The first hydrates formed on the cement particles edges bridge to
each other, big capillary pores are formed and with the evolution of the hydration
reactions, the pore network becomes more refined. Those processes lead to the
formation of a mineral skeleton that brings the cement paste to a solid state. Thus,
the cement paste is a material which flow characteristics are highly time
dependent [57-59].

According to Ramachandran and Beaudoin [58], the volume fraction of solid
particles and the rate of agglomeration, or flocculation, affect the flow behavior of
suspensions. In the case of cement paste, the fraction of solid particles is related to
the water-to-cement ratio. Theoretically, the interparticle forces due to

electrostatic are weak, so they can be broken by shear stresses. In the case of
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cement pastes, in addition to the colloidal forces, the hydration products also act
bridging the particles. For the suspension to start to flow, some of the links
between the particles must be broken. The shear stress that triggers the flow is
called yield stress. The interparticle forces, closely related to the yield stress,
depend on the shape and size distribution of the solid particles. The size and shape
of the created flocs also affect the rheology of the cement pastes [60]. With
enough shear stress, the flocs are reduced to the original particles, decreasing the
resistance to flow. When the paste come to rest, it is possible to occur a re-
flocculation and thickening of the paste. For most of cementitious materials, the
changes provoked by the shear rate and hydration evolution are not completely
reversible, so the terms structural breakdown and build-up are preferable [57,59].

In order to measure the flow behavior of cementitious materials, there are
mainly two types of tests: the static and the dynamic methods. For each test, the
shear stress is measured for a given shear rate applied, and when the experiment is
performed for a certain number of shear rate (or stress) values, a flow curve can
be created. With the purpose of investigating and comparing the flow behavior
among different materials, constitutive models are often used. The models
basically describe the constitutive behavior of the materials, reducing the existing
complexities into rheological parameters that are easier to be defined. Those
parameters establish general relations and aspects enabling comparisons. Another
important concept is the hysteresis curve, which is generated by the loading and
unloading a suspension. There is a lack of equilibrium between the microstructure
and the shear rate when a stress range difference between loading and unloading is
noticed. Usually, the aim is to perform the measurements at steady state. So, it is a
custom to consider only the unloading portion of the curve for the tests [58].

It is possible to find in the state-of-art that all flow curves show the existence
of the yield stress, although with a considerable value range of this parameter.
Even for a same water to cement ratio, the values can be discrepant. The
differences are usually attributed to experimental techniques, apparatus, mixture
handling and test parameters [61]. It is also frequently noticed on the literature the
non-linearity of the cement paste flow, with a decreasing yield stress as the shear

rate or the total shear energy increases [60,62].
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2.2.1.2 Effect of cellulose-based inclusions on the rheology of
cementitious materials

Previous researches have shown that the addition of cellulose nanocrystals
(CNC) changes the rheological behavior of cement pastes depending on their
inclusion percentage [37,54,63]. At low additions, the CNC act by dispersing the
cement particles and consequently increasing the flowability of the fresh material.
This effect is called steric stabilization, and it is comparable to the water-reducing
admixture’s effect [37]. When the dosage is superior to a specific value, the yield
stress increases. Montes et al. [54] showed that different types of CNC lead to
distinct influences on the yield stress of cement pastes. Moreover, how the CNCs
act on the rheological behavior is also dependent on the type of cement and the
water-to-cement (w/c) value.

MCC was proved to be an interesting material in the 3D-printing field. Long ef
al. [64] investigated the possibilities of improving the rheological properties of
3D-printing mortar with the inclusion of MCC. One percent of MCC increased the
plastic viscosity by around 21% and the yield stress by 190%, as well as the
thixotropy value. In addition, the presence of MCC also improved the shape
retention capacity of the extruded layers and their heights, indicating an enhanced
buildability. Those improvements were attributed to the micro-size MCC presents,
its water-retention ability, and the interactions promoted by the hydroxyl groups.
Although the decrease of workability is usually observed in matrices with MCC
[14,65,66], there are exceptions [67,68]. This subject will be discussed in
Chapters 3 and 6

In opposition to cellulose nano and microcrystals, cellulose nanofibers (CNF)
increase the yield stress even at low inclusions [63,69]. Sun et al. [70] showed
that the more CNF the slurry contained, the more the shear-thinning behavior
became evident. A similar trend was found by Kolour ez al. [53] and Hisseine et
al. [43] where the CNF inclusion increased the yield stress and viscosity, in both
concrete and cement pastes. In fact, Kolour ef al. [53] observed that for each 0.1%
of CNF, it is needed around 8% of extra mixing water so concretes can present
comparable workability. The cellulose nanofibrils retain part of the mixing water
[43] in the fresh state, and it seems that this water is not fully available for
workability purposes, at least initially. This effect was more noticeable in

mixtures with a lower water-to-cement ratio [53]. Furthermore, the degree of
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defibrillation of the CNF also affects the rheological behavior of oil-well cement
slurries, as observed by Tang et al. [63]. The effect of passing the CNF through
the grinder, i.e., improving refining, led to higher rheological parameters values,
namely yield stress, viscosity and gel strength, similar to an increase in the CNF
percentage [63]. Even with an increasing dosage of superplasticizer, the CNF is
still able to increase both yield stress and plastic viscosity of cement pastes and
concretes [71,72].

Similar to cellulose nanofibers, the cellulose filaments (CF) can be used as
viscosity modifier agents in cement pastes and concretes [43,72]. The CF addition
enhanced the stability of the fresh cementitious materials and contributed to their
shear-thinning behavior. Although the effect of increasing the rheological
parameters was observed for both yield stress and viscosity, this impact was more
severe on the yield stress values [43,71,72]. This has been observed on
cementitious materials with MCC [64].

Besides the impact of the morphological aspects and the hydrophilicity on the
rheological properties of cementitious materials, the characteristics of the gel itself
also play a role in those properties. Ez-zaki et al. [73] observed that the degree of
dispersion of cellulose fibrils suspensions and the degree of oxidation resulting
from the producing stage alter the rheological behavior of cementitious materials.
Those characteristics influence how strong the fibrils interactions are and the
water retention capacity of the CNFs, which consequently affects the cement’s

rheology.
2.2.2. Influence on hydration

The study of hydration can be divided into degree of hydration and hydration
kinetics. The degree of hydration is often based on the non-evaporable water
content, often analyzed by thermogravimetric (TG) methods. In order to quantify
and classify the hydration products, mineralogical analysis, as X-Ray diffraction
(XDR), and Fourier transform infrared spectroscopy (FTIR) can be performed.
The hydration kinetics is evaluated by means of the heat flow evolution, including
the cumulative heat and the peak hydration time and value. Initial and final setting
times can also be used to investigate the hydration changes face the nanocellulose

inclusions.
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Most of the research papers show that the addition of micro and nanocellulose
into cementitious materials positively affects the degree of hydration
[25,28,74,36,37,44,47,65,67,69,70]. Generally, the presence of cellulose-based
materials increases the heat peak of hydration [25,36,37,40,43,47-49,72,73]. A
delay in reaching this peak can be observed [25,37,73,75] or not [47,48].

Between the reasons for the hydration alterations, the alkaline hydrolysis is
mentioned due to their exothermal reactions that can contribute to increase the
heat peak [49]. A possible induced internal curing due to hydrophilic
characteristic of nanocellulose is also mentioned as one of the causes for
hydration enhancing [44,48,49,65]. In addition, due to its size, the nanocellulose
may not only behave as a hydration activator but also as a filler, with a physical
effect [25,35,48]. Another possibility is that nanocellulose acts as a nuclei to
facilitate the hydration reactions, increasing the degree of hydration [14,25,47].
Cao et al. [36,37] explained nuclei effect as “short-circuit diffusion”. According
to them, the cellulose nanocrystals could act as a path for the water to achieve the
inner grain.

The delay in hydration reactions may be related to the decrease of the cement
particles’ surface area if the nanocellulose adhere on them [47]. This effect is
similar to the aforementioned steric stabilization [36,37]. The hydration delay is
also compared to the effect that superplasticizer addition presents when they are
incorporated on cementitious materials [49]. The —OH presence and their
interactions between cellulose molecules, cement particles and cement hydration
products may also delay the hydration reactions [48]. Even a small reduction in
the temperature released in the first hours of hydration may signify less thermal
cracks and shrinkage on large masses of concrete [48].

The presence of micro and nanocellulose on cementitious matrices usually
increase the degree of hydration in around 10%, in comparison to the plain matrix
[37,40,47,72,75]. Although an impressive improvement of more than 100% had
already been reported [25]. It is important to point out that not every cellulose-
based inclusion led to hydration improvement at all ages and percentages of
inclusion. And it is also important to highlight that those hydration analyses are
usually performed on early age (younger than 28 days) samples.

Regarding the MCC effect, Parveen et al. [14] studied the hydration effect of

cement pastes reinforced with it. From differential thermogravimetric analysis
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(DTG) curves, it was possible to observe a sharper peak related to calcium
hydroxide (CH), indicating the formation of larger CH crystals with MCC
addition. The peak related to calcium carbonate (CaCO3) was considerably lower
for samples with MCC. This was associated with the denser microstructure that
would have obstructed the carbon dioxide (COy) diffusion into the cementitious
matrix to form CaCOs. Similar findings were reported by Silva et al. [66] and
Parveen et al. [65]. A decrease in the peak temperature of 5°C was observed by
Hoyos et al. [48], which behavior was attributed to polysaccharide effects. Even
resulting in a decrease in the heat peak, an enhancement in the hydration degree

was evidenced by TGA results.

2.2.3. The microstructure of cementitious materials with cellulose-
based materials

Modifications on the microstructure of the composites reinforced with
cellulose-based materials are partially responsible for changes in their macro
properties. Some improvements are attributed to a stiffer microstructure promoted
by micro and nanocellulose inclusions. Depending on the cementitious matrix and
the cellulose-based material combination, the total porosity can increase
[47,73,74,76] or a decrease [25,36,47,55,77,78]. In the latter case, the decrease of
porosity is usually related to changes in hydration: the hydration of unhydrated
cement particles can form more products of hydration, filling the pores and thus,
reducing their size.

Even in the cases where an increase of the total porosity was observed, there
were modifications on the pore size distribution profile. For instance, it was
reported an increase in the number of small pores [74,76,77] and a decrease in the
dominant pore diameter [47,74,77]. Those outcomes can also be considered as a
densification of the matrix, depending on what is in consideration. Some specific
examples are following.

Jiao et al. [47] through a mercury intrusion porosimeter (MIP) technique,
investigated the effect of the TEMPO modified NFC inclusions on the porosity of
cement pastes. The mean pore size decreased in 1 nm and the total porosity
decreased 0.5% with 0.15% of CNFs. It was observed that the range of the pore
size distribution changed from 15 - 40 nm to 10 — 22 nm with 0.4% of NFC.
Mejdoub el at. [25] also investigated the effect of the addition of NFC on the
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porosity of cement pastes. The percentage with relation to cement weight varied
between 0 and 0.5% in the samples. Results showed, at an optimum inclusion of
0.3% of NFC, an increase of 2% in bulk density and 36% less porosity. However,
beyond 0.3% of NFC, negative effects in density and thermal conductivity were
observed. This was attributed to a poor dispersion.

Fonseca et al. [26] compared the microstructure of extruded cement-based
composites reinforced with macro fibers and NFC by means of water absorption
(WA) and apparent void volume (AVV) tests. When compared with macro fibers,
the nanofibrillated cellulose reinforced composite presented lower WA and AVV
values for contents of 0.5% and 1.0%. Regarding the non-reinforced specimens,
the WA and AVV values were the same than the NFC specimens.

Regarding the use of MCC particles on cementitious matrices, their effect
seems to be more constant. The inclusion of MCC led to an increase in the small
pore volume and a decrease in the average pore diameter. Interestingly, it was also
reported the appearance of new peaks on the intrusion volume [14,65,66].
Parveen et al. [14] used SEM analysis and MIP technique to study the
microstructure of cement pastes reinforced with MCC. Results showed that the
total porosity increased with MCC addition although the mean pore size changed
from 95 nm to 50 nm. That is, with MCC addition, there are more pores of smaller
diameters. Silva et al. [66] also investigated the effect of MCC in the
microstructure of mortars and had similar results: the mean pore diameter
measured with MIP decreased from 47 nm to 30 nm for specimens with 0.6% of
MCC, although the porosity increased around 2% for these specimens. The dry
bulk density increased until the optimal amount of 0.2% of MCC. This behavior

was attributed to MCC'’s size and internal curing capacity.
2.2.4. The impact on the mechanical properties

Improvements in mechanical performance upon nanocellulose addition even
with low fiber content had been widely shown [18,25,28,35,36,47,49,50,52,55].
Most of the studies indicate the existence of an optimal percentage of fibers that
lead to the best mechanical response; beyond this value, agglomerations are
formed and the performance decreases [25,28,35,37,49,50,52,55,79]. The
advances in mechanical behavior are usually attributed to a greater degree of

hydration and its effects, as already discussed in Sections 2.2.2 and 2.2.3.
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However, the assumption that the fibrils-like cellulosic materials could act as
load-bearing agents or bridges for cracked faces is becoming frequent [26,41-45].

In general, there is in Literature a higher frequency of positive effects in
flexural properties than in compressive ones when micro and nanofibrillated
cellulose are added to the matrices [41,43—45,72], especially when nanofibrils and
nanocrystals are directly compared [77]. In fact, some adverse effects in
compressive strength of specimens reinforced with NFC were already reported
[43,45,53,73]. However, there is still no agreement whether the NFC fibrils
influence more the early ages [25,40,41,80] or the long term [39,43,47,72]
mechanical properties.

Fonseca et al. [26], with an extrusion technique to produce nanofibrillated
cellulose cement composites, compared the mechanical performance between
NFC and macro natural fibers, maintaining the amount of fiber content: 0.5%, 1%
and 2%. The nanocellulose specimens presented generally the best results,
regarding the bending properties, and this was attributed to the greater surface
area of the nanocellulose and to its intrinsic properties. The pullout of the
nanofibrils is possibly responsible for the toughening and energy absorption
mechanisms.

Another example of the difference between the reinforcement promoted by
micro and nanofibers, is the work of Ardanuy et al. [28]. While microfibers
provided higher fracture energy and ultimate displacement, nanofibers elevated
both flexural modulus and strength. Nanofiber’s characteristics such as intrinsic
strength and stiffness, length and superficial area were cited as main causes of the
brittle versus pseudo-ductile behavior. The presence of hydroxyl groups on
nanocellulose enables the formation of hydrogen bond with the cementitious
matrix, enhancing their bonding and thus, favoring the brittle response. Based on
these results, Ardanuy et al. [28] suggested that the hybridization of the two types
of fibers could lead to an optimal response. One example of hybridization was
carried by Correia et al. [46], with pulp and nanofibrillated cellulose. The four-
point bending tests parameters did not significantly change, although the mean
value of modulus of elasticity was higher for the hybrid specimens (8% pulp + 1%
NFC).

Despite the brittle failure mode found by Ardanuy et al. [28], advances in

tailoring the matrix regarding ductility upon NFC inclusions have been made. In
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fact, Supit et al. [42] observed a well-post crack behavior of mortars promoted by
NFC with a fracture mechanics test. They noticed an increase of 36% and 20% in
the peak load and the toughness, respectively. Furthermore, Hisseine et al. [44]
showed that in more fine-grained concrete formulations, NFC is capable of
increasing by 74% the flexural toughness. Those results indicate that nanofibrils
may have a reinforcement potential.

Onuaguluchi et al. [49] evaluated flexural mechanical properties of different
proportions of NFC inclusions: 0.05, 0.1, 0.2 and 0.4% of cement weight. It was
observed that the addition of 0.1% of NFC was the optimal percentage with
improvement of 106% and 184% in flexural strength and energy absorption,
respectively. Mejdoub er at. [25] evaluated the addition of 2,2,6,6-
Tetramethylpiperidinyloxy (TEMPO) pre-treated NFC on the compressive
strength of cementitious composites. Compressive strength increased with the
NFC addition, presenting the highest increase of 43% for 0.3% of fiber inclusion.
Negative effects were observed for specimens with 0.5% of fiber addition due to
poor dispersion. The degree of hydration presented an almost linear relation with
compressive strength.

Regarding the effect of MCC on cementitious materials, improvements in
compressive strength of around 20% were reported [64,66,67] as well as adverse
effects [18,48]. With respect to flexural parameters, the enhancement in flexural
modulus is usually greater than in flexural strength [14,65,66]. The improvements
in the mechanical performance of specimens with MCC, if any, are often
attributed to modifications on the hydration products and to the denser matrix.

It is worth to mention that the mechanical properties of specimens containing
MCC are susceptible to treatments performed on its particles. Anju et al. [18]
prepared MCC from cotton and treated with tetraethyl orthosilicate (TMCC). The
specimens with treated microfibers presented higher values of the properties
assessed in comparison with MCC without the treatment. The most affect
parameter was the flexural strength with 94% of improvement with TMCC,
against the 50% reached by MCC.

The dimensions of the specimens discussed in this Section are mainly in the
millimeter scale (see Table 2-1). Regarding further applications, one may
considerer scale effects, that is, the size of the specimen may have an influence on

the mechanical response of the composite.


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

40

Table 2-1 - Specimen small dimensions for different tests performed.

Test Specimen dimension (mm) References |
Compression 402 8 x 16; 50° [35,48,50,52,55]
Bending 40% x 160; 40 x 20 x 160; 30 x 50 x  [26,28,35,37,48—
220; 23 x 37 x 170; 28 x 18 x 200; 50,52,79]

2.2.5. The shrinkage of cementitious matrices with cellulose-based
materials

In cementitious materials, shrinkage takes place in the cement paste, and it can
be subdivided according to the different sources of the trigger mechanisms. For
instance, drying shrinkage is trigged by physical water loss. In order to keep the
humidity equilibrium, the moisture present in the porous structure evaporates
leading to a decrease in volume [81]. Its magnitude is considerable and, while for
concrete the recommendation is not to exceed 400 pe [82], cement pastes values
range from 1000 to 3500 pe, including total shrinkage values [53,83-85].
Autogenous shrinkage deals with the internal humidity movement, in a
combination of chemical and physical mechanisms induced mainly by self-
desiccation [86]. It is most significant for water-to-cement ratios lower than 0.40
[87], and its order of magnitude in cement pastes considerably varies, reaching
more than 1000pe in 14 days [88].

Since shrinkage is related to water movement on the cementitious
microstructure, a material that works like an internal reservoir may facilitate
ongoing hydration and mitigate autogenous shrinkage cracking, such as
lightweight aggregates, can be used [§89-91]. The use of nanocellulose inclusions
may lead to similar behavior. This ability is attributed to their porous structure,
hydrophilic character and water retention capability, enabling the formation of
“moisture paths” inside the matrices [92]. Different shrinkage tests were
performed to validate this hypothesis [35,39,40,50,53,92]. In a general manner,
nanocellulose inclusions are able to promote a reduction in shrinkage, especially
in early-age samples [35,39,50,92].

Hisseine et al. [39] showed that cellulose fibrils are able to decrease the
autogenous shrinkage due to an internal curing effect and due to a reinforcement
effect at the nanoscale. In fact, the presence of cellulose fibrils led to a volumetric

expansion in the first hours of test. When compared to the non-reinforced matrix,
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the deformation reduction was 75% in the first hours and then stabilized at around
50% beyond 7 days. They correlated the deformation increase, i.e. the expansion,
to the ability of the fibrils of releasing the water that was first retained by them.

Different scales of natural fibers were investigated on autogenous and drying
shrinkage, including macro sisal fibers (volume of 1.28%), micro eucalypt fibers
(volume of 1.28%) and nanofibrillated cellulose (volume of 0.2%) by Ferrara et
al. [92]. The NFC addition showed to be able to decrease autogenous shrinkage,
although its presence led to an increase in the total shrinkage. The shrinkage of
ultra-high performance concrete reinforced with 0.5% of nanocellulose was
investigated by Stephenson [35]. The results indicated that the nanofibers addition
had more influence on the shrinkage behavior on the first two days. By the end of
13 days, the specimens with 0.5% of nanocellulose decreased the strain by 72%
when compared with unreinforced ones. Despite this positive effect, it is worth
commenting that the water/cement ratio was higher for specimens with
nanocellulose. Cellulose nanocrystals had already been used as reducing draying
shrinkage agents, with a decrease in 55% of the deformation in comparison to
plain matrix [93].

The effectiveness of the cellulose fibrils in decreasing shrinkage deformation is
not a total consensus. Kolour et al. [53] showed that the free shrinkage may
increase or decrease face the inclusion of nanocellulose. It takes a certain
combination of water-to-cement ratio and nanocellulose percentage to obtain
positive results. They further found that the increase in shrinkage deformation
may be related to the water retained by the fibrils [40]. This negative effect may
be reduced if the water present within the fibrils is not discounted from the mixing

water [40].

2.3. Dispersion of cellulose-based inclusions on cementitious
materials

When micro and nanocellulose are added into cementitious matrices they tend
to form agglomerates that may act as defects or stress concentrators, as shown in
Figure 2-2, due to the existence of interaction forces between the particles
[6,7,79]. These inter-particle interactions may limit the potential of mechanical
reinforcement [25,28,35,37,49,50,52,55,79]. This phenomenon is magnified when

the size of the particle decreases [2,6].
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Agglomerations

Dispersion

—>

Figure 2-2 — Schematic representation of agglomerate and the result of a

properly dispersion processing. Adapted from [79].

Proper dispersion agents or procedures may be employed to ensure the total
benefit that can be explored from nanocellulose reinforcement ability. One can
dispose nanocellulose within cementitious matrix by using chemical methods,
such as superplasticizer, surfactants and stabilizing agent, or mechanical methods,
such as ultra-sonication, ultrasonic bath, and magnetic or mechanical stirring, or
even a combination of both methods. Dispersion in cementitious materials is
usually carried as a step in the mixing process [18,38,39,41,25] or as a pre-
treatment in case of TEMPO-mediated oxidation [25,47] and tetraethyl
orthosilicate [18]. 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) oxidation is a
pretreatment that facilitates the isolation of nanofibers by introducing carboxyl
groups at the carbon 6 (C6) of the glucose unit.

Some procedures adopted for dispersion in cement-based materials are
following listed:

- Superplasticizer addition into water and nanocellulose mixture
[35,49,50,52];

- Ultrasonication [36,47,79];

- Chemical modifications, as TEMPO modification [25,47] , as well as
tetraethyl orthosilicate (TEOS) modification [18];

- Ultrasonic bath [14,25,49,65];

- Surfactant [65];

- Stabilizing agent carboxymethyl cellulose (CMC) [65];

- Magnetic stirring [47,66].
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The methods above listed were divided according to the type of nanocellulose
(NFC and MCC) in order to enlighten the possibilities for the present work. Table

2-2 presents the methods used for each type of nanocellulose.

Table 2-2 — Different methods of dispersion of NFC and MCC into
cementitious matrix. UB = ultrasonic bath; MagS = magnetic stirring; Super =

supeilasticizer; MecS = mechanical stirrini.

Method Ref Method Ref
TEMPO + UB [25] Super [18]
TEMPO + MagS + [47] Surfac + Super + UB [65]

Ultrasonication
Super [35,50,52 CMC + Super + UB [65]

]

Super + MecS [49] MagS [66]
UB + Super [14]

Onuaguluchi et al. [49] investigated the dispersion of NFC in cement pastes
using a scanning electron microscope (SEM) and mechanical tests. The dispersion
method used consisted of 5 minutes of mixture (NFC gel and water), addition of
1.6% of superplasticizer and 10 minutes of ultrasonic bath. No comparison with
mixtures without dispersion was made. The specimens with 0.1% of fibers
presented less small pores than the ones with 0.4% and the latter presented some
large-sized clumps. Mechanical tests indicated dispersion issues in specimens
with more than 0.2% of nanofibers. Jiao et al. [47] performed 15 minutes of
magnetic stirring and subsequently 15 minutes of sonication on NFCs modified by
TEMPO oxidation. The optimal content based on mechanical response was of
0.15%. No comparison with mixtures without dispersion was made.

Cao et al. [79] carried a direct study on how the nanofibers dispersion affects
the flexural strength. Results from rheological tests showed that agglomeration
starts for CNC concentration higher than 1.35% in volume in deionized water. If
the solution is the one that simulates the pore solution, the one found in the matrix
in fresh state, the CNC began to agglomerate on a lower concentration, about
0.18% in volume. This result agrees with flexural tests, which indicated the higher
value of strength for specimens with 0.2% of CNC. As dispersion methods, two
approaches were used: the use of ultra-sonication and water reducing agent
addition (WRA). It was found that the longer the nanocellulose suspension went

under sonicating (up to 30 minutes), the more transparent it got and less shear
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stress it presented. Flexural tests indicated an increase of 50% in strength on
specimens with CNC sonicated for 30 minutes, and the strength continued
increasing even for concentrations above 0.2%. Thus, based on experimental
observations, the key to improve flexural strength of cement paste with high
concentration of CNC is good dispersion. The addition of WRA did not show any
significant improvement.

Parveen et al. [65] compared surfactant and stabilizing agent (CMC) efficiency
on MCC dispersion. By visual inspection of sedimentations, CMC was not able to
disperse any percentage of MCC in water. On the other hand, surfactant addition
was able to disperse up to 0.6% of MCC on 1:5 (surfactant:MCC) ratio and 1% of
MCC on 1:1 ratio. This tendency was confirmed by UV-Vis spectra results: the
highest concentration of MCC in aqueous suspension was achieved at 0.6% of
MCC. Contradictorily, CMC resulted in greater concentration according to UV-
Vis analysis. Higher values of flexural strength were obtained for 0.5% of MCC
when surfactant (1:5 ratio) was added and 30 minutes of magnetic stirring was
employed. Silva et al. [66] found, after optical microscopy analysis, that magnetic
stirring for 45 minutes was able to disperse up to 0.8% of MCC. Despite that,
compression and bending tests showed best results for 0.2% of MCC inclusions.
For the same material, Parveen et al. [14] submitted MCC suspensions to
ultrasonic bath for different periods, 15, 30, 45 and 60 minutes. They also used
UV-Vis spectra in order to calculate the extractability of the suspensions (a
measure of dispersion degree), and then selected the best duration of the
dispersion method which was 30 minutes. In the last three discussed papers
[14,65,66] no comparison with mixtures without dispersion was made.

The range of the percentage of nanocellulose used in the present work was
based in Table 2-3 that lists the optimal percentage of different types of
nanocellulose into cement-based matrixes. The references with asterisk are the
ones with no variation of the percentage, that is, the percentage is not the optimal,

is the only one used.
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Table 2-3 — Optimal percentage for nanocellulose inclusions in cementitious

matrices in literature. Percentaie referenced to cement weiiht.

% Reference % Reference % Reference
10 [18]* 0.15 [47] 0.2 [94]
0.5 [65] 3.0 [95]* 0.2 [17]
0.5 [14] 1.0 [35] 0.4 [50]
0.2 [66] 0.2 [92]*® 3.0 [52]
3.0 [48]* 3.3 [28]* 0.2 [36,37,96]°
0.3 [25] 0.5 [79]
0.1 [49] 0.04 [69]*

4 = surface modified
b =94 in cement volume

2.4. Conclusions

From the Literature review carried in Chapter 2, it was clear the potential of the
cellulose-based materials demonstrates as inclusions in cementitious matrices. The
presence of those micro- and nanoscale materials alters the behavior of
cementitious materials under several aspects, including macro properties in both
fresh and hardened states. Although there are similarities in the outcomes
provided by those cellulose-based materials, the way they act in cementitious
matrices seem to be different. The reason for that may be relied on their distinct
morphology and physical characteristics. Another possible key factor for this
discussion is the relation between the cellulose-based materials, especially the
fibrils, and the water ratio.

It was also possible to notice that although MCC and NFC have a significant
influence on the workability of cementitious materials, there is still a lack of a
more complete rheological characterization of them. Moreover, there is a
divergence in respect to their involvement regarding shrinkage behavior.

Most of the reviewed works were conducted with rather small specimens, so
the ability of MCC and NFC to reinforce specimens considered on the mesoscale
should be tested. In addition, due to the structure of MCC and NFC and the form
they present i.e., powder or gel, there is a necessity for a specific mixing method
to each inclusion. Thus, a proper way to mixture each inclusion targets a better

exploitation of their intrinsic properties.
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Based on the aforementioned gaps found in the Literature, the present thesis
was designed to improve the discussion of the role of MCC and NFC on cement

paste regarding chemical, mechanical and physical aspects.
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3. Investigation of dispersion methodologies of
microcrystalline and nanofibrillated cellulose on cement
pastes’

3.1. Introduction

Cementitious materials are present in most construction applications, including
buildings, transportation infrastructure, water- and waste-management, and many
nonstructural uses such as in claddings and in oil well cement applications.
Natural fibers have been reinforcing cementitious materials in diverse scales, such
as macro fibers, textile, micro single fibers, and pulp [1-3]. Most recently, the use
of natural fibers in their lesser extension, known as nanofibrils and nanocrystals,
is gaining attention [4—6]. Those types of cellulose-based materials are supposed
to contribute to the development of new cementitious materials that exhibit
improved mechanical properties and, as a bonus, are made of renewable raw
materials.

In this context, two types of cellulose-based materials, namely,
microcrystalline cellulose (MCC) and nanofibrillated cellulose (NFC), have arisen
as a purposeful option to modify the properties of cementitious products. Their
morphology, crystallinity, form, and physical and mechanical properties depend
on the source and production by either mechanical and/or chemical means [7-9].
The addition of such cellulose products in cement-based mixtures alters the
properties of the matrices in both their fresh and hardened states [10-16].
Comparing the effect of macro-fiber and nanocellulose derived from the same
plant-source, the composites containing nanocellulose can yield higher values of
strength and modulus of elasticity [10,17,18] and even improve fracture toughness
in the matrix [10,18]. The hybridization process between nano- and macro-fibers

is possible and facilitates the improvement of the modulus of elasticity [19,20].

! This Chapter was published in Souza et al, Investigation of dispersion methodologies of
microcrystalline and nano-fibrillated cellulose on cement pastes, Cement and Concrete
Composites, 2022 [68].
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More about the influence of MCC and NFC in cementitious matrices is found in
Chapter 2.

Due to the existence of interacting forces among the particles, micro- and
nanocellulose added into the matrix tend to form agglomerates that may act as
defects or stress concentrators [8,21,22]. These interparticle interactions may limit
the potential for mechanical reinforcement, indicating that the optimal content of
inclusion is associated to the agglomeration effect [10-12,22-27]. This
phenomenon is magnified with decreasing particle size [8,9]. Poor dispersion of
such cellulose-based materials into cementitious matrices is usually the bottleneck
of its utilization as reinforcement.

One may promote the dispersion of micro and nanocellulose by using chemical
or mechanical methods, or even a combination of both. Among the chemical
methods used for cementitious matrices, there is the use of surfactants and
stabilizing agents [11,16,24,28,29]. The mechanical approaches include
ultrasonication, ultrasonic bath, and magnetic or mechanical stirring
[11,12,14,16,22,28,30,31]. The dispersion of micro- and nanocellulose is usually a
step in the mixing process. Usually, the fiber is first dispersed in water, and then
the suspension is mixed with other matrix’s constituents. The dispersion step may
even be improved with a pre-treatment of the fiber during its production, for
instance, by the TEMPO-mediated oxidation of NFC [12,14,32] or tetracthyl
orthosilicate treatment of MCC [13]. In the case of the nanocellulose already
dispersed as a gel, the dispersion agents or procedures may act as mixing
facilitators. One example is the use of superplasticizer in order to ease the
intermixing of nanocellulose and also to mitigate issues related to fresh mixture
rheology [11,24-26].

The objective of this work is to carry on a comparison of the inclusion of two
types of cellulose-based materials in cement paste: commercially available
microcrystalline cellulose (MCC) and nano-fibrillated cellulose (NFC) obtained
from eucalyptus pulp. The MCC and NFC were first characterized according to
their morphology by means of light microscopy (LM), transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) images. The water
retention value was also assessed. This Chapter explores a range of dispersing and
mixing protocols for the two distinct types of cellulose: MCC, in the form of

“powder”, and NFC, in the form of gel. The strategies were explored to provide a
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well-dispersed solution of MCC and water. The same strategies were applied to
NFC solutions to ease their intermixing with the cement. The methodologies
include mechanical means, i.e., mechanical stirring, magnetic stirring, and
ultrasonication; and chemical means such as superplasticizer and a nonionic
surfactant. Besides that, pretreatment by 2,2,6,6-Tetramethylpiperidine-1-oxyl
(TEMPO) oxidation was applied during the production of the NFC as another
approach aiming at better dispersion of the fiber material. Workability using flow
table tests was investigated in every case. The effectiveness of the dispersion
methods was evaluated by means of compression tests on MCC- and NFC-
reinforced cement paste specimens. Subsequently, the more compatible methods
for each cellulose-based material were employed, and the optimal contents of
MCC and NFC were assessed by means of four-point bending tests. In addition,
thermo-gravimetric analysis (TGA) and mercury intrusion porosimetry (MIP)
allowed a pre investigation of the hydration and microstructure modifications of

the cellulosic inclusions.
3.2. Experimental program
3.2.1. Materials

Portland cement (PC) paste was used as the matrix to investigate the addition
of micro- and nanocellulose. The cement was the Brazilian Type V, with
specifications according to NBR 16697. Its chemical composition is presented in
Table 3-1. The water-to-cement ratio was 0.45, and tap water was used. The
poloxamer Pluronic F-127 was obtained from Sigma-Aldrich. The polycarboxylic
ether-based superplasticizer (Glenium 51 MS) with a solid content of 32% was
obtained from BASF. The microcrystalline cellulose (MCC Avicel PH-101) was
obtained from Sigma-Aldrich.
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Table 3-1 Chemical composition of the Brazilian Portland cement Type V
(provided by the manufacture).

Oxides %

Silicon dioxide (SiO>) 19.1
Aluminium oxide (Al2O3) 5.0
Ferric oxide (Fe203) 2.7
Calcium oxide (CaO) 62.3
Magnesium oxide (MgO) 1.0
Sulfur trioxide (SO3) 3.0
Insoluble residue 1.6

Nano-fibrillated cellulose was produced from bleached Eucalyptus pulp. The
pulp was dispersed in water at a fiber content of around 2.0 wt.% for 48 h.
Subsequently, the mixture was submitted to mechanical stirring in order to
facilitate the defibrillation process. The solution was then processed for 30 cycles
through the mechanical fibrillator (SuperMasscolloider grinder, Massuko-Sangyo,
model MKCA®6-2), using 1,500 rpm grindstone rotation, with a gap of 0.01 mm
between the rotating grindstones. The electric current consumed energy during the
nano-fibrillation was measured and kept around 4 ampére (A). The resulting NFC
consisted of a gel with around 2% of nanofibers.

To enable the intermixing of matrices with a high amount of NFC, i.e., higher
than 0.5%, the content of water in the gel should be reduced. Thus, the NFC gel
went through a filtering process, where two 6-um filter papers were used with a
vacuum pump of 0.9 bar. This process resulted in a solid phase of nanofibers of
around 10% by mass.

The fabrication of the TEMPO-mediated oxidation was carried on based on the
methodology of Fukuzumi et al. [33]. The same cellulosic fibers of Eucalyptus
were suspended in distilled water, obtaining a suspension with a concentration of
2.5%, in weight to volume (w/v). Then 1.12 g of TEMPO reagent was dissolved
in distilled water, in which it was stirred uninterrupted for 1 hour. Seven grams of
NaBr were also dissolved in water under constant stirring for 1 hour. After, the
two reagents were added to the cellulosic fiber suspension, and the system was
constantly agitated for 20 minutes. After this period, 437.8850 ml of 10% NaClO
was gradually added, establishing in the system a pH of approximately 10. The
pH was maintained around 10 by adding drops of 0.5 M sodium hydroxide

(NaOH) solution. The reaction was set forth for 3 hours under constant stirring at
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room temperature. After that 100 ml of ethanol was added to stop the reaction,
and the system pH was adjusted to 7 by adding drops of 0.5 M hydrochloric acid

(HCI). Finally, the fibers were washed in running water.
3.2.2. Dispersion and mixing protocols

Six different dispersion strategies have been explored in the present paper,
including mechanical and chemical methods. The techniques were applied to the
suspension of MCC or NFC in water to promote their dispersion. The strategies
were all, except for the TEMPO oxidation, employed as a pre-step in the mixture
process with cement paste. The TEMPO-mediated oxidation is a pre-treatment in
the production of NFC, and it does not apply to MCC in this case.

The mechanical approaches consisted of mechanical stirring (MecS), magnetic
stirring (MagS) and ultrasonication (US). The mechanical dispersion methods
were applied to suspensions constituted of the cellulosic inclusion and part of the
mixing water. The mixing water amount varied for each method and is further
specified. These strategies aimed to use the mechanical energy to create shear
stress on the suspension to overcome the energy that binds the cellulose particles
into agglomerates. In the case of mechanical stirring, the dispersion is promoted
by the rotation of the mixer blades and depends on the rotational speed and the
geometry of the blades and container [34]. The mechanisms of dispersion using
the magnetic stirring are similar to mechanical stirring although the amount of
transmitted energy and the geometry of the device are different. Regarding
ultrasonication, the dispersion is promoted by the formation of bubbles, otherwise
known as cavitation. The bubbles are formed in the low-pressure region of the
waves, and the collapsing bubbles cause high shear rates in the suspension
[34,35]. In this case, the transmitted energy depends on the properties of the
operational parameters of the ultrasonic device [36]. Ultrasonication and
ultrasonic bath have been used as successful means for dispersion of
nanocellulose into cementitious matrices, especially in the case of micro and
nanocrystals [14,22,28,30,31].

The chemical approaches consist of the use of two types of surfactants: a
polaxamer and a superplasticizer. Surfactants are amphiphilic polymers with one
part of their structure polar or hydrophilic, and the other apolar or hydrophobic.

Due to their chemical duality, they are commonly used to promote interfaces
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between phases, in this case between water and cellulosic particles. The bonding
mechanisms are based on a strong hydrophilic attraction between the surface of
the solid phase and the hydrophilic part of the surfactant [37]. The micelles
formed by the arrangement of the Pluronics are intended to separate one cellulosic
particle from the other, thus accomplishing the desired dispersion. The aim behind
the use of superplasticizer is similar to that of a Pluronic. Polycarboxylate-based
superplasticizers are used in cementitious materials since the 1980’s [38] and are
frequently applied as water-reducing agents. Essentially the superplasticizer’s
molecules adsorb onto cement particles, working as obstacles to the attractive
forces that cause agglomeration. When used as a dispersion agent for micro- and
nanocellulose, the intention is that the superplasticizer works also as an obstacle,
leading to a steric effect between the cellulosic inclusions and water.

The methodology of the dispersion/mixture techniques is described as follows.

In brackets, the corresponding abbreviations are given as used in the article.

1. Mechanical stirring (MecS): The MCC and NFC were added to the
mixing water and then loaded into a mixer revolving at around 900
rpm for 30 min;

il. Magnetic stirring (MagS): The MCC and NFC were added to half of
the mixing water and loaded into a magnetic stirrer for 1 h; Then the
suspension was mixed with the cement and the remaining water.

1. Ultrasonication (US): 20 ml of water and the MCC and NFC were
subjected to ultrasonication in a SONICS Vibra-Cell for 30 min at
maximum amplitude (100%) with a half-inch probe. Every 10 min, the
process was interrupted to cool the container down. After the process,
it took around 1 h for the suspension to reach room temperature so that
its temperature would not influence the hydration reactions. Then, the
suspension was mixed with the cement and the remaining water.

1v. Surfactant (Surf): The surfactant Pluronic F-127 was added to the
mixing water together with the micro- or nanocellulose. The
proportion of MCC or NFC to surfactant in weight was of 5:1. In this
case the mechanical stirrer (item i) was used for 30 min to enable a
more homogeneous particle distribution.

V. Superplasticizer (Super): The superplasticizer was added to the mixing

water with the cellulosic inclusions in a proportion of 1% by wt.
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relative to the cement mass. As in the surfactant case, the prepared
suspension was mixed for 30 min under mechanical stirring (item 1) to
promote homogeneity.

vi. TEMPO-mediate oxidation (TEMPO): Unlike the other strategies,
where dispersion takes place as a mixture process pre-step, the
modification in this case occurred in the production stage as detailed in
Section 3.2.1. Mixing was carried out without chemical or mechanical
means.

From the descriptions above, it can be remarked that the chemical dispersion
methods, items iv and v, were combined with mechanical stirring to homogenize
the chemical additions with the suspension of cellulose in water. For comparison
purposes, MCC and NFC were added into the cement paste without dispersion
techniques (WD). Reference specimens with no inclusion were also produced

(0%).
3.2.3. Testing methodology
3.2.3.1. Morphology of the MCC and NFC

The MCC and NFC suspensions were characterized using a light microscope
(Zeiss Axio AX10, Germany). The suspensions were previously diluted to 0.1 %
by wt., stirred for 10 min with Ultra Turrax (IKA T-25) at 10000 RPM, and
plunged for five minutes into an ultrasonic bath to obtain better dispersion.
Pictures were taken at 10x magnification in a window of 2584 x 1936 pixels and
analyzed using Fiji software [39]. To perform the analysis, the images were
transformed to 8-byte format and segmented by threshold.

The morphology of the NFC was also investigated using a transmission
electron microscope, specifically a model Tecnai G2-12 (FEIL, Hillsboro, OR,
USA) instrument with an accelerated voltage of 80 kV. Sample preparation and
TEM configurations followed recommendations described elsewhere [40].
Diameter measurements of nanofibrils were performed for at least 100 individual
particles per image using the ImageJ software [39].

A scanning electron microscope (Quanta 250 FEG, FEI Eindhoven/The
Netherlands) was used to investigate the morphology of the MCC as received at

an accelerating voltage of 5 kV.
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3.2.3.2. Determination of Water Retention Value (WRV)

The NFC water retention value (WRV) was determined based on the
Scandinavian test method SCAN — C 62:00 (2000). The NFC suspensions were
first concentrated to a suspension of concentration 10%, and then the suspensions
were centrifuged by a Heraeus Megafuge 16R Centrifuge (Thermo Fisher
Scientific, Waltham, MA, USA), using a centrifugal force of 3000 G for 15 min
for dewatering, after which the wet filtered NFC fibrils were weighed. After oven-
drying at 105 + 2 °C for 24 h the weight was measured again. The WRV was

determined according to Eq. (3.1) as follows:

_ Wo- W,

WRV W,

Eq. 3.1)

where Wy and W are the weights of wet and oven-dried pulps, respectively.

3.2.3.3. Flow table test

The flowability of the cement pastes was assessed by means of the flow table
test according to ASTM C1437-15, although applying 30 strokes. Cement pastes
containing 0.5% by wt. of MCC or NFC relative to the mass of cement, were
compared to the cement paste without cellulosic fibers. Regarding NFC, the
percentage of inclusion is the solid phase present in the gel, in mass. Information
on matrix composition for each percentage and type of fiber is given in Table 3-2.
All the dispersion/mixture methods were applied for 0.5% by wt. of MCC and
NFC additions. Figure 3-1 shows a schematic illustration of the methodology

applied. The selection step was based on strength improvement.
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Table 3-2 Matrix composition of the mixtures in weight (g).

NFC Chemical

Mixture Cement Water MCC Gel Solid dispersant
Ref (0%) 100 45 - - - -
0.05% MCC 100 45 0.05 - - -
0.50% MCC 100 45 0.5 - - -
0.50% MCC Super 100 45 0.5 - - 1
0.50% MCC Surfac 100 45 0.5 - - 0.2
0.75% MCC 100 45 0.75
1.00% MCC 100 45 1 - - -
0.05% NFC 100 44.5 - 0.5 0.05 -
0.05% NFC TEMPO 100 44.5 - 0.5 0.05 -
0.50% NFC 100 40.5 - 5 0.50 -
0.50% NFC Super 100 40.5 - 5 0.50 1
0.50% NFC Surfac 100 40.5 - 5 0.50 0.2
0.50% NFC TEMPO 100 40.5 - 5 0.50 0.2
1.00% NFC 100 36 - 10*  1.00 -
1.00% NFC Super 100 36 - 10*  1.00 1
1.00% NFC Surfac 100 36 - 10*  1.00 0.2

*Gel of nano-fibrillated cellulose (NFC) with 10% of solids.

NFC or MCC
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e »
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Figure 3-1 Flowchart of the methodology adopted.
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3.2.3.4. Compression test

One of the tests used to determine the effectiveness of the dispersion was the
compression test. The specimens consisted of cylinders of 50 mm x 100 mm
(diameter x height). At least three specimens of each parameter combination were
tested at an age of 28 days. To measure axial displacement, two 7-mm linear
variable displacement transducers (LVDTs) were coupled to the specimen. The
mean of the readings of both LVDTs was used to calculate the compressive strain.
The compression tests were performed using a universal MTS machine, model
810, with 500 kN of load capacity. The rate of the crosshead displacement was set
to 0.4 mm/min.

In order to explore the distinct dispersion techniques, the specimens of cement
pastes were produced with addition of MCC or NFC subject to the five
abovementioned processes (MecS, MagS, US, Surf and Super). In addition,
specimens containing NFC with TEMPO oxidation (TEMPO) were produced and
tested; see Figure 3-1 for the details of the adopted methodology. The proportion
was of 0.05% of micro- and nanocellulose, by weight of cement. In the case of the
specimens with NFC, the water present in the gel was subtracted from the amount

of mixing water to keep the water-to-cement ratio of 0.45; see Table 3-2.
3.2.3.5. Four-point bending test

Four-point bending tests were performed on specimens with dimensions of 250
mm X 60 mm x 10 mm (length x width x height), based on ASTM C1161 with
modifications on the geometry. At least three specimens were tested for each
parameter combination at an age of 28 days. The total span tested was 210 mm,
the distance between the blades and the supports were uniformly 70 mm. To
measure the displacement two displacement transducers of 10 mm were mounted
on the mid-center of the specimens. The mean of the readings of the two
transducers was used to calculate the mid-span displacement. The bending tests
were performed using an MTS system with a capacity of 100 kN. To ensure
accurate force acquisition, a load cell of 2.5 kN was used. The actuator
displacement rate was 0.05 mm/min.

The content of MCC and NFC was 0%, 0.5%, and 1%. Firstly, they were all

introduced without any dispersion method applied. The optimal content was
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selected according to the strength values obtained. Then the dispersion methods
that showed positive results on the compressive tests were applied to the optimal
percentage for further bending tests. Information about the composition for each
variation under investigation and the corresponding percentages of MCC and NFC
used is given in Table 3-2.

The relation between the mechanical properties of a given specimen with NFC
or MCC reinforcement and the reference specimen is presented by the strength
ratio (SR), modulus ratio (MR), and deflection ratio (DR). Therefore, each
mechanical parameter ratio, namely strength, modulus, and deflection, is
calculated by dividing the mean value obtained for specimens containing fibers by

the corresponding value obtained for the reference mixture.
3.2.3.6. Thermogravimetric analysis (TGA)

To investigate the possible changes in cement hydration on addition of MCC
and NFC, and the effect of selected dispersion methods if any, thermogravimetric
analysis (TGA) was performed. Samples without and with 0.5% of MCC or NFC
were analyzed at an age of 28 days with a thermo-gravimetric analyzer
(NETZSCH STA 409C/CD). The measurements were performed at a uniform

heating rate of 10 C°/min under an oxygen atmosphere.
3.2.3.7. Porosimetry

The microstructures of the hardened cement pastes reinforced with MCC and
NFC were analyzed according to their pore size distribution as obtained through
mercury intrusion porosity (MIP). A Porotec Porosimeter PASCAL 140/440
equipment was used, and measurements were carried in a pressure range from 0 to
400 MPa. The procedure was applied to the samples of approximately 1 cm? with
0.0 and 0.5% of MCC and NFC at 28 days of age. Samples subjected to the

selected dispersion methods were also analyzed.
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3.3. Results and discussion
3.3.1. Characterization of MCC and NFC
3.3.1.1. Morphological properties

Microcrystalline cellulose (MCC) is a cellulose form resulting from acid
hydrolysis followed by homogenization and is currently commercially available
[41]. Figure 3-2 shows a scanning electron microscope (SEM) image of dry MCC
as received. From the image one can observe its non-uniform morphology,

ranging from long fibrous rods to various short, irregular shapes.

T =

5,m\‘___g: 2

[y | W | mag ]| HPW | pressure | ————————— 200 ym

af 5.00kv | 3.0 [LFD | 96 mm | 800x | 518 pm

Figure 3-2 SEM image of the pristine MCC particles.

The Avicel PH-101 MCC presents a particle size ranging from 2 to 260 pum
with a mean diameter of around 50 um, as reported by Zhang et al. [42]. The
results of the light microscopy showed an average size of 115 um of the particles,

as shown in Table 3-3.
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Table 3-3 Results of analysis by light microscopy, including the average size

of the MCC and NFC, pristine and with addition of superplasticizer (NFC Super).

Particles per Total area Average

image (Hm?) size (um)

MCC 1047 £ 52 119790 + 33184 115+ 34
NFC 3581 +380 128146 + 17360 36+4.0
NFC Super 2561 £ 475 94925 + 16851 37 +£3.5

The morphological structure and diameter distribution of NFC are shown in
Figure 3-3a (NFC Control) and Figure 3-3b (TEMPO oxidized NFC). Note that
the fibrillation process produced nanofibrils with high aspect ratios and a
considerable range of different diameters, with the diameter distribution
concentrating itself at 15 to 30 nm. This range represented 33% of the measured
entities, while the average diameter was 48 nm for NFC Control. As for NFC
TEMPO, the diameter distribution also concentrated in the range from 15 to 30
nm (40% of the measured entities), and the average diameter was 29 nm. Due to
the fibrils’ mutual electrostatic repulsions, caused by the replacement of C6 by a
carboxyl group in the cellulose structure, NFC obtained from TEMPO-modified
fibers have smaller diameters than those that were not subjected to any treatment

[43].
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Figure 3-3 Diameter size distribution and TEM images of (a) NFC and (b) NFC
modified by TEMPO oxidation.

Table 3-3 summarizes the main information obtained by light microscopy. The
number of MCC particles per image was the lowest (1,047), while NFC presented
3,581 particles per image. This can be traced back to the MCC’s having larger
dimensions (115 pm) than the NFC (around 36 um) forcing each particle to

occupy a larger area in the image window. Since MCC contains mainly a
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crystalline fraction, which is less reactive than amorphous cellulose, there is a
decrease regarding interactions between the particles [44].

It can be seen in Figure 3-2 that the MCC presents larger and more
individualized fragments in relation to NFC, which are formed by an interlaced
network of fibrils that interact with each other. The NFC exhibits an entangled
network with some agglomeration spots, and cell wall structures not so
deconstructed. This appearance was expected since the hydroxyl groups on the

surfaces of the fibrils enable them to interact.
3.3.1.2. Water retention value

WRYV is a measure of the amount of water retained by the fiber or fibrils after
controlled centrifugation, and it includes the amount of water in pores as well as
in the thin layer on fiber or fibril external surfaces, especially those in the inter-
fiber or inter-fibril meniscus [45,46]. The water retention value changed from 1.4
g/g for untreated cellulose fibers to 2.13 g/g for TEMPO oxidized cellulose fibers.
Similar results were reported by Dias et al. [47], and by Qian et al. [48]. For NFC
the values changed from 5.59 g/g to 9.24 g/g after the TEMPO oxidation process,
indicating finer fibrils with possibly higher intrinsic strength [10,32].

The elevated water retention capacity comes from the hierarchical structure of
the nanocellulose because the presence of hydroxyl groups makes it highly
hydrophilic. The more the material is on a nanoscale, the higher the viscosity of
the suspension and the more pronounced its appearance as a gel. This is due to a
greater capacity of the material to bind water molecules, as can be seen with the
increase in WRYV values after treatment with TEMPO. Besides that, the higher
WRYV presented by the NFC-TEMPO is also due to the fact that the oxidation
process loads the surface of the fibrils with negative charges, which ultimately
generates electrostatic repulsions between the NFCs, causing them to disperse
further from each other.

Essentially, the WRV can be used as an indicator of the degree of
nanofibrillation of the NFC gel. It also reflects the level of fiber deconstruction:
refining aims at separating, individualizing, or fibrillating the fibers. The
defibrillation process causes the individualization of the micro/nanofibrils in the
fiber cell wall structure into defibrillated micro/nanofibrils. Thus, this process

increases the specific surface of the material, also increasing its reactivity with the
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water molecules, implicating a higher WRV. With this principle in mind, a lower
WRY indicates a less deconstructed fiber, i.e., the micro/nanofibrils (NFC) in the
fiber cell wall are still bonded together with fewer free sites available for water
molecules to bind to the NFC in this condition. A higher WRYV value indicates a
more effective individualization of the nanofibrils (deconstruction of the fiber cell
wall), allowing more interactions of them with water molecules, and better-

dispersed suspensions.

3.3.2. Flow behavior of cement paster upon addition of MCC and
NFC

Although a more complete characterization of the flow of the cement pastes
with MCC and NFC will be brought in Chapter 6, the flow table test gives an idea
of the order of magnitude of this important parameter. The flow table test was
performed to investigate the influence of each type of cellulose-based material
inclusion on the workability of the fresh cement paste and as a first indicator for
the quality of dispersion. The spread diameters of the several fresh cement pastes

are shown in Table 3-4.

Table 3-4 Flow table results of cement pastes with 0.5% by wt. of MCC or
NFC. Standard deviation of 4% according to ASTM C1437-15.

Flow values

Dispersion/mixture (mm)

method McC  NFC

Reference — 0% 195 195

wD 214 102

MecS 212 110

MagS 197 103

us 180 -

Super 260 175

Surf 209 109

TEMPO - 158

Firstly, by analyzing the matrices with the cellulose added without using any
dispersion method (WD) in comparison with the reference, it is possible to notice
the different effects of MCC and NFC on the flowability of the samples. While
the NFC led to a significant decrease in workability, the MCC had almost no

influence on this parameter. In fact, the presence of 0.5% by wt. of MCC slightly
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increased the fluidity of the paste. This difference is most probably related to the
distinct morphology of the cellulosic inclusions that affect their capacity to absorb
water. As shown in Figure 3-2, MCC presents a rod-like shape that may ease the
flow behavior between this material and cement particles. Although this trend
contradicts most other reports [16,20,28,30,49,50], the increase in workability had
been already observed in cement pastes with cellulose nanocrystals (CNC) by Cao
et al. [27]. The authors attribute the reported decrease in yield stress to the steric
stabilization mechanism, where the particles behave as water-reducing agents,
dispersing cement particles.

The addition of NFC halved the flow value in comparison to the reference. The
reduced workability observed in the samples with NFC may be associated with
their morphology and physical properties. The hydrophilicity presented by
nanocellulose provides a high capacity for water retention, observed at 5.59 g/g,
that may decrease the water-to-cement ratio locally, leading to denser fresh
material. In addition, the long fibrils with high aspect ratios, ranging from 25 to
500 [51], facilitate the formation of networks that may arrest cement particles,
thus decreasing the flowability of fresh material. The strong bond facilitated by
secondary interactions, mainly due to the presence of hydroxyl groups, is also
mentioned as a possible reason behind the changes in flow behavior upon the
addition of NFC [9,52].

Regarding the effects of the dispersion methods applied to the MCC
specimens, one may highlight the use of superplasticizer and ultrasonication since
they had a meaningful impact on the flow behavior of the cement pastes. The use
of superplasticizer promoted segregation followed by exudation, leading to an
increase of the flow value by 30% when compared to the reference. Thus, this
amount of superplasticizer was unsuitable for purposes of promoting the
dispersion of MCC in water while avoiding undesirable effects on the cement
paste. The ultrasonication process resulted in the opposite effect, reducing the
flow value. This may indicate that this method is efficient in dispersing the MCC
particles in water and is able to maintain the dispersion after the mixture with
cement [16]. The mechanical tests results discussed in the following sections
support this assumption. The other methods (MecS, Mag$S and Surf) of dispersion
did not have a significant impact on the flow behavior of the specimens with

MCC.
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Among the mixing methods employed on the specimens containing NFC, the
flow values for Super and TEMPO were superior to the WD ones, yet inferior to
those of the reference. From the LM analysis, it is possible to observe how the
addition of superplasticizer was effective in dispersing the individual fibrils; see
Table 3-3. This was reflected in the number of visible particles, which decreased
from 3581 to 2561 upon the addition of superplasticizer. This indicates that the
superplasticizer was still able in this case to act as a water-reducing agent and
improve the dispersion of the nanofibrils. The water retention value of the NFC is
related to the gel’s viscosity as well as its level of dispersion, how well the cell
wall was refined. The WRV of the NFC-Control and the NFC-Tempo were 5.59
g/g and 9.24 g/g, respectively. Hence, the higher WRV of the NFC-Tempo
indicates a better-dispersed gel with higher level of fiber deconstruction. The
presence of more agglomerates in the NFC-Control gel (in this case a network not
so refined) could have influenced the paste’s lower workability in comparison to
the NFC-TEMPO one. Although the TEMPO nanofibrils presented clearly a more
viscous gel, maybe other properties of the TEMPO gel (e.g., the carboxyl groups
causing electrostatic repulsion between nanofibrils) and how it interacts with the
cement particles in the fresh and hardened states are different. In addition,
TEMPO-mediated oxidation is known to modify the rheological properties of the
material itself (cellulose), so the thixotropy of this suspension is different, with
particles more inclined to rearranging themselves to the initial state (inert). It is
worth pointing out that for the mixtures with NFC content superior to 0.5%, both
gels went through a filtration process with a final concentration of solids of 10%.
In those cases, the NFC-Control gel remained saturated, however, the water
present in the NFC-TEMPO gel represented 98% of the fibrils’ water-retaining
capacity. It is important to keep in mind that the distinct WRV could have affected
the total w/c of the specimens. However, the retained water by the fibrils was not
evaluated regarding its availability to work as mixing water, thus this topic was
not brought to discussion on the present paper.

As the specimens containing MCC, the MecS, MagS and Surf did not have a
significant impact on the flow behavior of the mixtures with NFC when compared
to the WD mixtures. Note here that it was not possible to perform ultrasonication

on the NFC suspension at the particular fiber content of 0.5%.
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3.3.3. Mechanical behavior of NFC composites and the influence of
dispersion methods

The results of the compression tests are presented in Table 5. This table
contains the averages and standard deviations of the compressive strength, strain
capacity, and modulus of elasticity for specimens containing 0.05% of NFC and
produced using various dispersion methods under investigation. The reference
cement paste with no addition of NFC is designated “0%”.

The addition of a small amount of nanocellulose, i.e., 0.05%, changed the
mechanical properties of the hardened cement pastes slightly. The addition of
0.05% NFC without any dispersion (WD) did not alter the compressive strength of
the specimens, while the use of different dispersion methods during the
suspension production influenced it differently in every case. The use of specific
dispersion methods, namely the addition of superplasticizer and the TEMPO-
oxidation process, was necessary to obtain a positive effect of almost 10% on the
compressive strength. In this way, the addition of NFC can lead to a reduction in

the defects, and this can have an impact on the compression results.

Table 3-5 Compressive mechanical parameters of the reference mixture,

0.00%, and the cement paste with 0.05% by wt. of NFC and MCC subjected to the

different dispersion methods.

. : Compressive  Strength : Modulus of
Type of Dispersion strength ratio Max'lmlim elasticity
Hber method (MPa) ) strain (%) (GPa)
Ref (0%) 54.3+1.7 1.00 0.62 + 0.08 17.0+ 2.8
WD 52.8 +1.4 0.97 0.56 £ 0.14 16.0+ 4.5
MecS 51.6+1.8 0.95 0.53 £ 0.05 175+ 1.8
Super 58.2+ 0.6 1.07 0.70 + 0.19 172+ 2.1
NFC Surf 53.4+24 0.98 0.53 + 0.09 17.6 £ 0.5
uS 42.7+2.8 0.79 0.38 + 0.07 17.1£ 3.0
MagS 50.3+2.2 0.93 0.47 + 0.01 209+ 34
TEMPO 58.5+ 2.7 1.08 0.53 £ 0.06 14.8+ 0.9
WD 58.4+14 1.07 0.58 + 0.03 19.6 £ 0.8
MecS 51.2+5.0 0.94 0.37 + 0.05 209+0.3
MCC Surf 49.4 +6.5 0.91 0.36 + 0.06 19.4+0.4
US 61.0+2.7 1.12 0.56 + 0.08 18.7+1.9
MagS 48.3+ 0.3 0.89 0.39 + 0.05 19.5+0.4
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Due to the results obtained for the specimens containing fibers dispersed by
means of mechanical stirring (MecS), magnetic stirring (MagS), and
ultrasonication (US), these methods were not considered in the subsequent
bending tests. Their use also did not influence the workability of the samples, as
previously discussed. Thus, the methods Super and TEMPO were selected as the
most promising and were used further in the investigation.

Figure 3-4a presents the response of the specimens containing no fiber (0.0%)
as well as 0.5% by wt. and 1.0% by wt. of NFC without dispersion (WD)

submitted to bending test. Figure 3-4b offers the same results as shown in

Table 3-6 but in the form of the ratios SR, DR, and MR, which represent the
increase or decrease in a given flexural parameter when compared to the

reference. From Figure 3-4b and

Table 3-6, great improvement in flexural strength and modulus can be
observed due to the incorporation of NFC. It is important to highlight that the
NFC-reinforced specimens’ curves were drawn based on the linear portion of
data. The most enhanced mechanical parameter was the flexural elastic modulus:
The mixture containing 0.5% NFC yielded values more than 6 times higher than
that of the reference (plain cement paste). The addition of 1.0% NFC enhanced
this parameter by more than 5 times. Flexural strength increased by more than 2

and 3 times with the addition of 0.5% and 1.0% of NFC, respectively.
(a)
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Figure 3-4 Results of four-point bending tests on NFC reinforced cement
pastes: (a) Stress-displacement curves of the specimens with NFC without

dispersion (WD) methods applied; (b) mechanical properties ratio for each


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

77

percentage of NFC WD; (c) stress-displacement curves of the specimens with 1%
of NFC with dispersion methods applied (Super, Surfac and TEMPO). The
reference (0%) and the specimens not subject to dispersion (WD) are presented for
comparison, and (d) mechanical properties ratio for 1% of NFC subject to various

dispersion techniques (Super, Surfac and TEMPO).

The possible reason for the excellent material performance with respect to the
flexural elastic modulus and flexural strength due to the addition of fiber may be
attributed to the NFC’s intrinsic properties such as high strength, stiffness, large
surface area, and the presence of hydroxyl groups as well [10,11]. The
combination of the high specific surface area with the hydroxyl groups may
promote a strong interface between the nanocellulose and the cement hydration
products. This strong interaction, however, can lead to more brittle rupture of the
composites reinforced with NFC. Indeed, a lower strain capacity was measured in

both the compression and bending tests as also reported elsewhere [10,53] .

Table 3-6 Flexural mechanical parameters calculated based on four-point bending
tests of the cement pastes’ plates. Specimens with 0.50% by wt. and 1.00% by wt.
of NFC subjected and not subjected (WD) to dispersion methods. Specimens with
0.50% by wt., 0.75% by wt., and 1.00% by wt. of MCC subjected and not
subjected (WD) to dispersion methods. Results of the reference (0%) are shown

for comparison.

Type of Fiber Dispersion Flexural Maxim_um Flexural
fiber content method strength deflection modulus (GPa)
(%) (MPa) (mm)
- 0.00 - 1.08+£0.3 1.15+0.34 1.57 + 0.58
0.50 WD 240+045 0.24+0.03 9.55 + 1.07
1.00 WD 3.27+0.29 0.37 +£0.03 8.25+ 0.53
NFC 1.00 Super 3.53+0.24 0.39+0.10 11.29 £ 1.87
1.00 Surf 1.72+0.05 0.31+0.03 5.51+0.83
1.00 TEMPO 1.59+0.19 0.18+0.04 8.51+1.82
0.50 WD 434+1.54 0.42+0.01 11.36 £ 2.71
MCC 0.75 WD 568+1.18 0.39+0.08 13.71 + 3.83
0.75 uS 3.72+0.25 0.30+0.04 12.24 + 1.39
1.00 WD 4.02+0.67 0.34+0.11 11.57 £ 2.56
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The optimal content of NFC without applying dispersion methods (WD) was
based on the equivalent bending stress values. Therefore, in the range of NFC
percentage evaluated, the specimens containing 1.0% NFC presented the best
results with respect to this parameter. Accordingly, the dispersion techniques that
showed positive effects on the compression and flow table tests were applied to
the suspension of nano-fibrillated cellulose at 1% in mass and included into the
cement paste plates. The attempt was to better disperse the NFC in the cement
paste, resulting in advancements in flexural behavior.

Figure 3-4c shows the stress-displacement curves of the cement pastes
containing 1% NFC with superplasticizer and TEMPO oxidation treatment. The
values of mechanical properties are presented in Table 6 as well as in Figure 3-4d,
where these values are presented in the form of ratios (SR, DR an MR).

In comparison to the reference, the dispersion methods resulted in an increase
in both flexural strength and elastic modulus. This behavior was observed also for
the specimens with NFC addition without dispersion, as previously discussed.
Comparing the results of the WD and Super specimens, the use of superplasticizer
could promote advances in the elastic modulus: The modulus ratio (MR) increased
from 5.3 to 7.2, representing an improvement of more than 130%. The LM was
also carried for NFC-Super and the results are presented in Table 3-3. As
mentioned in Section 3.3.2, the number of visible particles decreased from 3581 to
2561 upon the addition of superplasticizer. This indicates that the superplasticizer
interacted with the nanofibrils in a way to avoid them to agglomerate (bind
together), promoting a better dispersion. From the results of the flow table test,
flexural parameters and the LM analysis, it is reasonable to associate the use of
superplasticizer with a better dispersion of the fibrils yet maintaining the water
reducing capacity of superplasticizer. In fact, the use of superplasticizers is
frequent in systems with reduced workability, and in the case of NFC-reinforced
cementitious matrices, their use may be necessary [25,26,54,55].

The use of the NFC produced with TEMPO-mediated oxidation led to flexural
modulus values comparable to that of the WD specimens, although the equivalent
bending stress did not achieve the same improvement. Regarding the mechanical
parameters from the compression tests, only the strength value had a positive
increase with the use of TEMPO-treated NFC. One possible explanation may be

the fact of the chemical surface’s modification having converted part of the
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hydroxyl groups into carboxylates. This led to less hydrogen bonding between the
NFC and the matrix. Moreover, as discussed in the Section 3.3.2, the SEM and
WRYV analysis indicated that the TEMPO-mediated oxidation resulted in better
dispersed yet more viscous gel. The fact that the NFC TEMPO did not improve
the flexural parameters as much as the NFC control did can be related to its higher
viscosity that could have hampered its dispersion on the paste. Thus, the paste
mixing procedure may not have been enough to disperse the NFC TEMPO
uniformly during the preparation of the specimens.

Based on the mechanical test results and the discussions above, the addition of
superplasticizer with further mechanical stirring (Super) may be considered the
most promising method for the dispersion of NFC for later use in cement pastes. It
is possible to correlate the results from the flow table and the LM with the
enhancement in the mechanical properties as a result of a better dispersion

promoted by the superplasticizer.

3.3.3.1. Microstructure of cement paste containing NFC

The MIP results are presented in Figure 3-5, including total porosity and pore
size distribution according to the size classification as proposed by Mindess et al.
[56]. Small nanopores are specified as those of up to 5 nm in diameter, medium
pores range between 5 nm and 25 nm, and large pores are larger than 25 nm.
Compared with the reference, the addition of NFC increased the total pore volume
from 95 to 110 mm?/g while increasing the relative number of small pores by
approximately 17%. Since a part of the NFC diameter distribution is in the same
range as the small pores, the increase in this range may be due simply to the
addition of the nanocellulose. By analyzing the pore size distribution, one can
observe that the most significant change occurred in the number of large pores: In
the reference mixture their fraction corresponded to 27% while for NFC
specimens it reached 34%. The addition of superplasticizer was efficient in
decreasing this trend. The total porosity and the quantity of large pores decreased
in the presence of the superplasticizer when compared with NFC-WD specimens.
The more flowable mixture containing superplasticizer, as shown by the flow
table results, could also play a role on this feature, since superplasticizer can

promote a more homogeneous microstructure.
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Figure 3-5 Pore size distribution according with the relative volume of
pores (left axis) and porosity (continuous line, right axis) for specimens
containing 0.5% NFC both with and without superplasticizer and MCC both

subjected and not subjected to the ultrasonication process.

The curves from TGA and DTG analysis are presented in Figure 3-6. The
peaks usually related to calcium silicate hydrate, calcium hydroxide, and calcium
carbonate are shown as well. It is not possible to see any significant change in
those peaks with the presence of NFC, with or without superplasticizer, besides
the one corresponding to calcium carbonate. The peak of CaCO; is more
pronounced in the sample with NFC WD, due probably to its more porous
microstructure, which allows the ingress of CO». There is also a slight difference
at around 280 °C that may be associated with the formation of aluminates.

No clear difference was noticed with the addition of NFC regarding the
hydration, which could be noticed by the TGA analysis. Although the increase of
mechanical behavior of cementitious matrices with nanocellulose is often related
to modifications on the hydration, some studies have reported that alteration in

hydration does not happen at every NFC dosage and age [57-59]. Even though the
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use of superplasticizer had lowered the fraction of the large pores, the matrix was
more porous due to the presence of NFC. As the analyzed parameters from the
bending test were positively affected by the presence of the NFC, the
microstructural results may lead to the assumption of the bridging effect’s
existence having been facilitated by nanocellulose. Similar to the well-known
effect of the macro-fibers, the morphology of the NFC could enable them to
bridge nano/micro cracks, leading to an effective force transfer [19]. However, as
indicated by the curves presented in Figure 3-4a and c, the addition of NFC was
not capable to increase the deflection capacity of the cement paste’ specimens,
therefore, their failure mode remained brittle. Such a bridging mechanism could
be related to the strong bond between the nanocellulose and the hydration
products due to their high specific surface area and the presence of hydroxyl

groups [10,12]. More of the possible strength mechanisms is discussed in Section

3.3.5.
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Figure 3-6 TGA and DTG curves of cement paste reinforced with 0.5% of

NFC. The most suitable dispersion method was addressed.
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3.3.4. Mechanical behavior of MCC composites and the influence of
dispersion methods

Table 3-5 contains the averages and the related deviations of the compressive
mechanical parameters for each dispersion method applied to the specimens
containing 0.05% MCC. The addition of MCC without the use of any dispersion
method (WD) produced a positive effect regarding compressive strength, with 7%
improvement in relation to the reference specimens. The dispersion methods
applied did not result in strength enhancement, except for the ultrasonication (US),
with 12% and 5% improvement if compared to the WD and the reference
specimens, respectively. The ultrasonication (US) method had already been
successfully used to disperse cellulose nanocrystals in cement paste [22]. In the
present case of microcrystalline cellulose (MCC), the ultrasonication showed
itself to be efficient in breaking up the possible agglomerations of MCC, and this
was reflected in the compressive strength. The addition of MCC enhanced the
elastic modulus, regardless of the dispersion method employed. The small content
0f 0.05% by wt. of MCC was able to improve the modulus of elasticity by 10% to
23%, depending on the dispersion technique. Previous research with similar
results had attributed this behavior to a formation of a denser matrix and to
intrinsic properties of MCC, namely high elastic modulus and crystallinity
[16,28,30].

Due to compression and flow table preliminary results, the ultrasonication
dispersion method was the only one applied to produce specimens for the bending
tests and further analysis.

The equivalent bending stress versus displacement curves of the specimens
reinforced with MCC are shown in Figure 3-7. It is important to highlight that the
MCC-reinforced specimens’ curves were drawn based on the linear portion of
data. The percentage of MCC was 0%, 0.5%, and 1% without any dispersion
method’s having been applied. The 0.75% content was additionally included due
to the mechanical properties obtained for the mixtures containing 0.5% and 1%

fiber, as explained farther on.
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Table 3-6 brings the same mechanical properties as discussed for NFC
reinforced specimens: flexural strength, maximum deflection, and flexural

modulus. Figure 3-7b shows the properties presented in

Table 3-6, but in the form of ratios; see Section 3.2.3.5.
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Figure 3-7 (a) Typical stress-displacement curves of specimens containing
0.0%, 0.5%, and 1% MCC without any dispersion methods applied (WD). The

0.75% was included to investigate the range between 0.5% and 1% for a possible
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optimal content. (b) Stress, deflection, modulus, and toughness ratios from the
bending tests, values obtained for the reference having been divided by values
corresponding to each MCC content; (c) stress-displacement curves comparing the
dispersion method applied (US) with the reference (0%) and the specimen not
subjected to dispersion (WD) with 0.75% of MCC.

From the analysis of both Figure 3-7 and

Table 3-6, it can be noticed that the addition of 0.5% and 1.0% of MCC absent
any dispersion method was able to improve the flexural strength and elastic
modulus. For instance, 0.5% of MCC promoted an enhancement of these
parameters by factors of approximately 4 and 7, respectively. In the present case,
this excellent response is attributed to the filling effect of MCC as discussed in the
following Section 3.3.4.1.

When evaluating the mean strength values in

Table 3-6, a small decrease in the addition of 1% MCC can be observed in
comparison to the mixture containing 0.5% MCC. Thus, the optimal content of
MCC could be between these two concentrations. Therefore, 0.75% MCC was
included in the investigation to consider this range. The strength values presented

in

Table 3-6 show that indeed 0.75% can be seen as the optimal MCC content
from among the concentrations tested. The improvement due at the optimal
content reached almost 5 times in terms of its equivalent bending stress. The most
improved mechanical property was the flexural elastic modulus, showing an
enhancement of more than 8 times.

The ultrasonication dispersion method was applied to the specimens reinforced
with 0.75% MCC, i.e., the optimal content. In relation to the reference, the use of
the ultrasonication method was able to increase the values of flexural strength and
flexural modulus. However, in comparison to the 0.75% WD specimens, the
method did not favor positively the mechanical properties evaluated. This result
differs from that obtained from the compressive tests, where the ultrasonication

dispersion enabled further enhancement of the mechanical behavior of the
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specimens containing MCC. The great difference between those tests is, however,
the content of MCC submitted to ultrasonication: 0.05% for the compression tests
and 0.75% for the bending tests. This percentage corresponds to an increase in
MCC addition by 15 times. Hence, the quantity of MCC corresponding to an
addition of 0.75% exceeded the amount of material that can be dispersed by the
present methodology. The contrasting behaviors indicate that the ultrasonication is
efficient in dispersing MCC in small concentrations, such as that in the 0.05%
specimens, but not so for much greater concentrations. The results of the flow

table and the microstructure analysis support this assumption; see Section 3.3.2.
3.3.4.1. Microstructure of cement paste with MCC

The pore size distributions and total pore volumes of the cement pastes
reinforced with 0.5% MCC without dispersion (WD) and subjected to the
ultrasonication process (US) are shown in Figure 3-5. Comparing the MCC WD
and the reference mixture, it is obvious that while total pore volume did not
change much, the pore size distribution was affected by the addition of MCC. The
relative number of large pores decreased, and that of the small ones increased.
This trend is intensified when the ultrasonication method is used for fiber
dispersion: while the large pores amounted to 23% in the reference mixture, in
MCC US their content was 16%. For the small pores, however, an increase from
4.4% to 6% was observed. This all resulted in an expressed reduction in the total
pore volume, from 95 mm?®/g to 78 mm?/g. The more compact pore size
distribution may evidence an efficient packing effect promoted by the addition of
MCC. This effect was enhanced by the ultrasonication process, indicating that
efficient dispersion was achieved by distributing the MCC particles more
uniformly within the matrix and reducing the agglomeration.

The denser matrix attained upon MCC addition is mostly due to the filler
property of MCC rather than deep changes in its hydration products [16,20,30]. In
the present investigation, the TGA and DTA curves did not indicate any
significant alterations, as shown in Figure 3-8. The exception is peak that
corresponds to the C-S-H products, which shifted approximately 23 C° to the
right, when compared to the curve of the reference. The ultrasonication process
although expressively changed the porosity, also did not alter the

thermogravimetric analysis. The analysis of the microstructure suggests that the
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great improvement in the mechanical properties of the cement pastes reinforced

with MCC comes from a denser matrix, promoted by the filler effect of the MCC.
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Figure 3-8 TGA and DTG curves of cement paste reinforced with 0.5% of

MCC. The most suitable dispersion method was addressed.

3.3.5. Comparison between MCC and NFC cement paste composites

Figure 3-9 presents the equivalent bending stress versus displacement curves of
the cement paste reinforced with 0.5% and 1.0% of MCC, represented by the
dashed lines, or NFC, represented by the continuous lines. As aforementioned, the
NFC and MCC-reinforced specimens’ curves were drawn based on the linear

portion of data. Also,

Table 3-6 shows the better response of the MCC-reinforced cement pastes in
terms of the assessed flexural parameters in comparison to the specimens made
with addition of NFC. At a content of 1.0% the differences are however not that
evident. Here it is important to point out that 1.0% is beyond the optimal content
of MCC (0.75%) as shown in the present study. As for the NFC it seems that the

optimal content was not reached since the flexural properties improved when the
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NFC dosage increased from 0.5% to 1.0%. However, a further increase in the
percentage of NFC would lead to rheological issues.

The fresh state properties varied according to the type of fiber investigated and
dispersion method, as shown by the flow table tests. It is important to notice that
the objectives related to the dispersion/mixture methods are distinct for each
material. The methods applied to the MCC suspensions aimed at the high
dispersion of fibers; so, the flow values that may represent a good dispersion of a
mixture with MCC should be lower than the reference. This is different for the
specimens with NFC since the gel is already dispersed, and the aim in this case is
to improve the workability of the specimens since the addition of NFC without

dispersion methods led to a great loss in flowability.
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Figure 3-9 Typical stress-displacement curves obtained from the four-point
bending tests on cement paste plates containing 0.0%, 0.5% and, 1.0% of either

MCC or NFC, without dispersion methods applied (WD).

Three possible reasons for the distinct mechanical behavior can be listed. First,
the morphologies of fiber materials show basic differences regarding, as instances,
diameter and aspect ratio. While MCC morphology varies from rod-like particles
to longer, fiber-like examples, NFC presents a higher aspect ratio and can form

entangled networks. Thus, the different morphologies can influence the force
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transfer from matrix to fiber and the characteristics of the possible
agglomerations. Second, intrinsic properties of NFC and MCC can affect the
interface of the fibrils and cement particles. The high specific surface area and the
presence of the hydroxyls can lead to interactions through hydrogen bonds
promoting a strong fibril-matrix interface. The elastic modulus, tensile strength
and crystallinity values also contribute to the strong bond on the interface, as
pointed out elsewhere [10,16,17]. The water adsorption capacity may also affect
how much water is available in the matrix, interfering with the hydration process.
Third, the influences of MCC and NFC on rheology affect the microstructure of
the hardened composite, as shown by the flow table and MIP investigations. The
porosity and the pore size distribution play an important role on the mechanical
properties and the fresh state characteristics which influence them. It can be
assumed that the three abovementioned factors act simultaneously and in a distinct
way for each cellulose-based material, promoting unique mechanisms of
reinforcement.

Assuming that the increase of the total porosity did not result in a denser
matrix and there was no visible change in the hydration according to the TGA
analysis in the case of the NFC-reinforced specimens, one hypothesis is that the
notorious increase in strength and stiffness is due to the existence of load transfer
mechanisms promoted by the NFC, as already stated by other researchers
[10,52,57,60,61]. The distribution of the NFC, i. e., the fibrils count on a given
section of an element also plays a role in the load transfer issue, as well as the
fibrils length. Although the high aspect of the NFC is often highlighted, it is
important to note that the fibrils are quite short when seen from a macro
perspective. It should be observed that their length and quantities may be not
enough to prevent microcracks to grow into macro-ones. This is supported by the
brittle failure the reinforced cement pastes showed when tested in bending, as seen
in Figure 3-4a, Figure 3-7 and Figure 3-9.

As aforementioned, the addition of NFC or MCC was not capable of changing
the failure mode of the cement pastes, although the crack-bridging effect can still
be considered an acting mechanism. The hypothesis is that the micro and
nanofibers could act before the collapse of the material, bridging micro and nano

cracks in anticipation of the formation of macro cracks, leading to a certain
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limited improvement of mechanical properties but not enough to alter the fracture
mode.

It is important to highlight that the study at hand only investigated the
hydration of the cement pastes with thermogravimetric analysis (TGA) under an
oxygen atmosphere at the age of 28 days. In those analyses, the addition of MCC
or NFC did not significantly alter the TGA/DTG curves’ aspect. However, these
analyses are probably not enough to fully characterize the hydration mechanisms

of a cement paste.

3.4. Conclusions

This Chapter presents various approaches to the use of two types of promising
cellulose-based materials, MCC and NFC, as reinforcement for cement pastes.
These materials differ regarding their scale, according to their diameters,
morphological characteristics, and intrinsic properties. Thus, distinct approaches
are required for the most efficient dispersion of MCC and mixing of NFC:
Ultrasonication was suitable for dispersing MCC while superplasticizer for NFC.
Although the active mechanisms may be different in each case, the addition of
MCC and NFC enabled considerable improvement in the flexural properties of the
composites. More specifically, the following conclusions can be drawn:

- The optimal content of MCC within the investigated range (up to 1%) was
0.75% and facilitated an enhancement of flexural strength and modulus by
more than 5 and 8 times, respectively, when compared with the reference
mixture without fiber addition.

- The ultrasonication method was found to be the most suitable for MCC
among the investigated ones, capable of dispersing small contents of
0.05% to 0.5% of MCC. However, the MCC content corresponding to
0.75% concentration in the cement paste exceed the method capacity, and
the benefits of good dispersion could not be observed.

- The simple addition of 0.5% of MCC did not significantly affect the total
porosity of the composite although it was efficient in reducing the fraction
of large pores (larger than 25 nm) and increasing that of the small pores
(smaller than 5 nm). With the ultrasonication process included, the

porosity decreased considerably from 95 mm?/g to 78 mm?/g.
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- The pronounced improvement in flexural performance of the cement paste
upon the addition of MCC can be traced back to the less porous
microstructure of such composites and good interface interaction between
the matrix and reinforcement.

- The optimal content of NFC was 1% and promoted an enhancement of the
flexural strength and elastic modulus by more than 3 and 5 times,
respectively. In the mixtures under investigation there was no indication of
agglomeration by the alteration of the mechanical properties, although the
mixture with 1% NFC exhibited low workability.

- The use of superplasticizer was found to be the most suitable for mixtures
containing NFC; its addition also promoted enhancement of the flexural
properties. The increases in flexural strength and elastic modulus were by
5 and 8 times with the addition of superplasticizer, respectively. Moreover,
the MIP results showed that the NFC Super specimens had fewer large
pores in their microstructure than the NFC WD. However, even with this
effect of the superplasticizer, the total porosity was higher when compared
with the reference mixture.

- The TGA and MIP results suggest that the NFC promotes considerable
enhancements of the flexural properties of cement pastes due to the fibers’

bridging capacity with respect to nano- and micro-cracks.
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4. Effect of microcrystalline and nano-fibrillated cellulose
on the mechanical behavior and on the microstructure of
cement pastes

4.1. Introduction

Investigations exploring the use of micro and nanocellulose on cementitious
matrices are increasing over time. Some studies try to explain the mechanisms
through which those inclusions act on the cement environment. Cao et al. [1] were
the first to propose a theory to describe the action of nanocellulose crystals on
cement-based materials. They assembled two mechanisms: steric stabilization and
short-circuit diffusion. The former is similar to how the water-reducing agents act
by adhering to the cement particles and dispersing them during the mixing
process. This can result in a finer and more uniform distribution of cement. The
short-circuit diffusion is the mechanism of water molecules diffusing along the
nanocellulose networks into the hydration products shell formed around the
cement particles.

In 2020, Kolour et al. [2] proposed a model of tunnels, reservoirs, and bridges
(TR&B) to gather their and others’ main findings on the mechanisms behind the
effect of cellulose fibrils on cementitious matrices. The “tunnels” part is similar to
the short-circuit diffusion aforementioned, which is related to the transportation of
water to unhydrated cement particles. The “reservoir” is for the water retention
capacity the hydrophilic fibrils present. The retained water could be further used
as an internal curing agent. At last, the nanofibrils are seen also as toughening
agents due to improvements in fracture energy. This effect can be achieved since
they can work as “bridges”, preventing crack growth.

Through an extensive investigation of the role of NFC in cementitious
matrices, Hisseine et al. [3,4] confirm the water-retention-and-release capacity of
the fibrils. Furthermore, they also confirmed the internal curing and
nanoreinforcing effects NFC presents [5].

The mechanical improvement observed when micro and nanocellulose are

added is frequently related to hydration enhancement [2,8—11], although there are
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some exceptions [11-14]. The higher degree of hydration is often claimed to be a
result of the nucleation (similar to short-circuit diffusion) and of the internal
curing effects. Thus, the presence of MCC and NFC also affects the
microstructure of the matrices, having even an impact on the calcium silicate
hydrate (C-S-H) characteristics [4,6]. In the case of MCC-reinforced composites,
the mechanical improvement is related to the denser matrix formed by the
presence of the MCC particles [7-10]. The intrinsic properties of MCC and NFC
such as a high surface area, high aspect ratio (in the case of NFC), their own
tensile strength, and elastic modulus also have consequences on their interaction
with cementitious hydrates.

Although the existents theories connected to the behavior usually observed
when nanocellulose is integrated into cement-based materials, there is still no
agreement on all mechanical and microstructural effects upon its addition. This
chapter has the goal of understanding the possible mechanisms responsible for the
improvement of the macro mechanical properties detected in Chapter 3. For this,
investigations on the mechanical and microstructural levels were made.
Characteristics of the hydration evolution were investigated by means of
compressive tests, thermogravimetric (TGA), X-ray diffraction (XRD), and
porosimetry (MIP) analyses, on samples with 3 and 28 days of curing. In order to
complement the MCC and NFC characterization, XRD and TGA analyses were
made, so the thermal stability and crystallinity of the inclusions could have been
assessed. In addition, 3-point bending and direct tensile tests were performed on
specimens with 28 days of age. The papers that performed tensile tests on
cementitious matrices reinforced with MCC or NFC used the splitting cylinders
approach [3,5,11-13]. Here, a specific apparatus was developed for the direct
tensile test to perform this test on specimens with the same geometry as the ones

that were submitted to the bending test.
4.2. Experimental program
4.2.1. Materials and production of the specimens

The microcrystalline cellulose MCC (Avicel PH101) was purchased from
Sigma Aldrich, as the one characterized in Chapter 3. The nanofibrillated

cellulose (NFC) was produced from bleached Pinus pulp according to the same
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procedure described in 3.2.1. Since the morphology of MCC and NFC are mater
of discussion also in this Chapter, their morphology is shown again in Figure 4-1.
The cement paste consisted of ordinary Portland cement CEM I 32.5 R, from

Schwenk, Germany, and tap water.

s R 5 il =
HV spot | det WD mag [J HFW pressure  — U L
5.00kv | 3.0 |LFD | 9.5mm | 800x | 518 ym | 40 Pa TU Dresden Institut fuer Baustoffe

o [ hv spot | det WD mag [ HFW pressure —A VN 1]
"‘8‘" 6.00kv | 2.1 |LFD |94 mm |8000x | 51.8 ym | 41Pa TU Dresden Institut fuer Baustoffe

Figure 4-1 SEM images of the cellulose-based inclusions: (a)

Microcrystalline cellulose (MCC) and (b) Nanofibrillated cellulose (NFC).

The mixing procedure was carried individually for each inclusion. For the
MCC cement composites, the MCC powder was added to the cement and
manually mixed for homogenization. Then, water was added and mixed for 5

minutes at 500 rpm. In the case of the NFC specimens, first, the NFC gel and the
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mixing water were pre-mixed for 5 minutes at 600 rpm and then the solution was
added to the cement and mixed for another 5 minutes at 500 rpm. Note that both
mixture procedures are equivalent to the method “without dispersion” in Chapter
3. It is important to emphasize that the water present in the NFC gel was
discounted from the mixing water in order to not affect the total w/c. The

composition of each specimen is given in Table 4-1.

Table 4-1 Composition of the different variations of the matrices

investigated, in weight.

Cement Water MCC NFC

(@)  powder(g) gel(g)
Ref (0%) | 0.35 - 0.000% 100 35.0 0.000 0.00

Inclusion %

MO0050 0.35 MCC 0.050% 900 35.0 0.050 -

MO0O075 0.35 MCC 0.075% 900 35.0 0.075 -

M0100 0.35 MCC 0.100% 900 35.0 0.100 -

N0050 0.35 NFC 0.050% 900 32.5 - 2.50
NOO75 0.35 NFC 0.075% 900 31.3 - 3.75
NO0100 0.35 NFC 0.100% 900 30.1 - 5.00

After the mixing, the fresh paste was poured in prismatic metallic molds of
dimensions of 10 x 10 x 60 mm? and stored in plastic bags until the specific age of
testing. In the case of bending and compression tests, one day before each test, the
specimens were properly identified and weighed, and their surfaces were
measured. In the case of the tensile test, the specifications will be provided in the
test methodology section.

The inclusion percentage of the MCC and NFC was of 0.050%, 0.075%, and
0.100%, in relation of the mass of cement. In the case of NFC gel, the percentage
considered only the solid part that in this case corresponded to 2% of the gel

weight.
4.2.2. Cellulose-based materials’ characterization

This section aims to complement the characterization made in Chapter 3. An
Environmental Scanning Electron Microscopy (ESEM, model Quanta 250 FEG,
FEI, The Netherlands) was used to investigate the morphology of MCC and NFC
shown in Figure 4-1. The crystallinity index for both inclusions was obtained
through X-ray diffraction analyses, conducted in an X-ray diffractometer 3003-TT
(7000, Germany). The surface area of NFC was evaluated by means of the
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Brunauer—-Emmett—Teller (BET) method. For the XRD and BET techniques the
NFC gel was previously freeze-dried. The thermal deterioration of MCC and NFC
was analyzed by thermogravimetric analysis (TGA) with the mass loss and the
differential thermal (DTA) curves. The TGA was performed with a NETZSCH
Gerdtebau GmbH (409C/CD, Germany) equipment.

4.2.3. Mechanical tests

The compression and the three-point bending tests were carried on a Zwick
Roell 1445 machine at an actuator displacement rate of 1 mm/min. For the
bending test, the prisms of dimensions of 10 x 10 x 60 mm?* were positioned with
a span of 1 mm between the load application points. A load cell of 1 kN was
coupled to the system for a more accurate data acquisition. After the bending test,
the pieces were collected and five of them with suitable geometry (more than 10
mm?®) were submitted to compression tests, with a configuration in which the
applied load surface was 10 mm?.

For the direct tensile test, the actuator displacement rate was of 0.5 mm/min on
prismatic specimens of same dimensions as the ones submitted to the bending test
(10 x 10 x 60 mm?). The difference was the existence of a notch produced on the
specimens’ production step; see the detail in Figure 4-2a. A load cell of 2.5 kN
was added to a Zwick Roell Retroline, on a system with both ends hinged, as
shown in Figure 4-1b. The case used for fixing the specimen was composed of
two aluminum profiles of 15 x 15 mm? (outer) and 11 x 11 mm? (inner) and length
of 40 mm. A screw type M8 was filled with 1 g of modeling clay and glued to the
profiles with ultra-violet glue. Two edges of the screw nut were ground for fitting
inside the aluminum profile. The bottom of the case was covered with silicon. The
specimen was positioned inside the case, and it was filled with a two-part epoxy
glue (each side at a time). The notch was produced with the introduction of a 1
mm staple on each boarder of the mold. Some details of the case producing, and

the gluing process are found in Figure 4-2.
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Figure 4-2 —Details of the direct tensile test: (a) Schematic representation of
the case elements; (b) Specimen glued in the case and positioned for testing.

Measurements in mm.

4.2.4. Microstructure investigation

Thermo-gravimetric analyses were performed on samples of different ages (3
and 28 days) with the same equipment described in Section 4.2.2. The
measurements were carried under an oxygen atmosphere with a heating rate of 10
C°/min.

The porous structure of the specimens was evaluated by means of mercury
intrusion porosity (MIP) with a Porotec Porosimeter PASCAL 140/440. The
samples consisted of cubes of around 10 mm? and the maximum pressure applied
was of 400 MPa at a speed from 6 to 19 MPa/min.

X-ray diffraction (XRD) analyses were conducted to investigate the
mineralogical composition of selected specimens. The equipment operated at an

angular velocity of 0.02%s, in intervals between 5° and 70°.
4.3. Results and discussion
4.3.1. Characterization of MCC and NFC

As shown in Figure 4-1, MCC and NFC differ from each other regarding the

shape, size, and aspect ratio, as previously discussed in Chapter 3. Those


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

104

differences include the surface area of MCC particles and NFC solid fibrils. The
surface area for the NFC fibrils, measured by BET, was of 9.72 m?/g. On the other
hand, according to current literature, MCC particles present surface area between
1.0 and 1.30 m?/g by N> [14]. Thus, NFC provides a greater contact area with
particles and molecules present on the cement paste than the MCC particles. This
characteristic can interfere on the interfacial bonding between cellulose and
hydration products. Besides this, it is reasonable to suppose that the interaction of
the NFC fibrils with the water present in the gel itself is strong. With that in mind,
the TGA results can cooperate in the investigation on the water role of the NFC
gel, apart from its thermal degradation information.

Cellulosic materials are well-known for their rapid thermal degradation at low
to moderate temperatures, namely, below 400 °C [15]. The TGA and the
differential thermal analysis (DTA) curves of the MCC and NFC are displayed in
Figure 4-3. From those curves, it is possible to notice the singularities on the
thermal stability of the cellulosic inclusions. While the degradation of NFC took
place mainly between 110°C and 200°C, this gap was from 275°C to 350°C for the
MCC. The MCC decomposition occurred mainly in two steps. The first is the loss
of 5% in weight until 100 °C was reached, which may represent the removal of
physically bound water in the cellulose structure [16]. The second step, the onset
point, is at around 280 °C representing the cellulose degradation.

The TGA curve of NFC suggests that the water present in the gel may not be
totally free since at 100°C only 7% of the mass was gone. The DTA curves
indicate that different phenomena are related to each cellulosic inclusion: an
endothermic event for the NFC, and an exothermic one for the MCC. The
degradation of each material itself can also influence the degradation of the
composite. In particular the NFC-reinforced specimens, since its degradation takes
place close to one characteristic temperature of the composite, 140°C. It is
important to keep in mind that while the solid fibrils content can be considered
low, as the maximum of inclusion is 0.1% of the cement mass, the total gel weight

is considerable.
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Figure 4-3 Thermogravimetric (TGA, mass) and differential thermal

analyses curves of the cellulosic materials, MCC and NFC .

Besides the morphology, the NFC presents a larger amorphous phase,
consequently a lower crystallinity, in comparison to the MCC. An estimation of
the crystallinity index was calculated by the amorphous subtraction described in
[17]. The X-ray diffraction (XRD) pattern of MCC and NFC is found in Figure
4-4. In the case of NFC curve, a sharp peak at 22.4° is observed and was assigned
to the (002) plane. For the MCC curve, the sharpest peak occurred at 22.7°. The
amorphous plane was designated at the minimum intensity between (002) and
(101) planes, at 18.3° [17—19]. The estimated crystallinity of MCC and NFC was
found to be around 81.5% and 49.8%, respectively. According to Segal et al. [17]
this method has an error of around 6.5%. Nevertheless, there is a significant
crystallinity difference between the two cellulosic inclusions. The crystallinity
index expresses the relation between the crystalline and the amorphous parts. The
crystalline parts are arranged in a regular manner, in opposition to the amorphous
phases to which they are linked. The MCC particles undergo a hydrolysis process
that removes part of their amorphous phases. Thus, the crystalline portions are
more frequent in MCC, resulting in a higher crystallinity index compared to NFC.
The lower crystallinity index NFC presents is related to its flexibility since the

crystal portions constrain the mobility of the amorphous portions. In fact, the
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flexibility capacity may interfere on the crack-bridging effect. In addition, it is

assumed that a higher degree of crystallinity confers a higher degradation

resistance and thermal stability, as indicated by the TGA analysis (Figure 4-3).
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Figure 4-4 - XRD-pattern of the nanofibrillated cellulose (NFC).

4.3.2. Microstructure and hydration aspects
4.3.2.1. Hydration changes

Figure 4-5 presents the evolution of compressive strength between 3 and 28
days of curing, which is a way to follow the possible hydration changes. There
was a significant strength increase from the 3-day specimens to the 28-day ones,
for all variations. Regarding the influence of the MCC and NFC content, it is
possible to note a gradual decrease in the average strength values with the
increment of the cellulosic inclusion percentage. However, in comparison to the
reference, there was no great difference upon the addition of MCC or NFC as

indicated by the error bars.
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The TG and DTG curves of the reference paste is shown in Figure 4-6a, at the
ages of 3 and 28 days. On the DTG curves is possible to identify the peaks usually
associated to the decomposition of the hydration products. The peak I takes place
at around 141°C and is correlated to the decomposition of calcium silicate hydrate
(C-S-H) or ettringite in some cases. Peak II occurred at around 506°C and can be
related to the calcium hydroxide (CH) and Peak III at around 815°C associated to
the decarbonation of calcium carbonate (CaCOs). The reference cement paste of 3
days differs from the one of 28 days presenting shorter peaks I and II, indicating
that more of the hydration products, C-S-H and CH were formed until 28 days.
The younger sample had a more pronounced peak associated to the calcium
carbonate than the sample of 28 days. The presence of calcium carbonate is due
to the carbonation reaction of the cement paste or the sample. This mineral is a
result from the reaction of CO; from the moisture atmosphere with the calcium
ions on the cement paste or the calcium silicates hydrates and the calcium

aluminate hydrates.
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Figure 4-6 - Results from Thermogravimetric Analysis, with the mass loss

and its derivative for the specimens: (a) reference (Ref. (0%)), (b) with MCC and;
(c) with NFC. Dashed lines represent samples of 3days of curing and continuous
lines, 28 days.

When the MCC is added to the cement paste, no significant difference was
noticed on 3-day samples (dashed lines in Figure 4-6-b), except a shorter peak I
presented by the samples with MCC when comparing to the reference. The DTG
curves of the samples with MCC are overlapped. Regarding the 28-day samples,
there was a small difference on the total final (at 1000°C) mass loss when
comparing the sample 0.075% of MCC and the reference. From the DTG curves,
this variation is attributed to the higher carbonatation rather than the C-S-H and
the calcium hydroxide formation. DTG curves show little influence of the MCC
content of the pastes, as the curves are fairly similar, expect for peak III, which
occurred on slightly different temperatures for each of the MCC contents.
Although the specimens with MCC at 28 days presented less amounts of C-S-H
and CH than the reference, the compressive strength presented no meaningful

change upon the addition of MCC. The results presented in Chapter 3 showed that
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when 0.5% of MCC was added, the TG/DTG curves were overlapped, without the
carbonation effect here observed. In addition, the MCC inclusion led to a slight
compressive strength improvement, considering bigger specimens with lower
standard deviation. The results here presented were in disagreement with the
usually reported in the literature, where a decrease in carbonation peak is often
noticed [7,9,10,20].

Figure 4-6¢c shows the TGA and DTG curves of the samples with NFC
compared to the reference. Considering the 3-day samples, it is worth mentioning
that the difference noticed on the samples with MCC regarding the carbonation
content was no longer observed on the ones with NFC. That is, the 3-day old
samples with NFC had similar CaCOs3 content to the reference, although a rather
less. On the other hand, the 28-day samples had higher CaCO3 content. There
were no great changes related to CH, except a shift on the temperature of the
sample with 0.075% of NFC in comparison to the others. It was also the sample
with 0.075% of NFC that presented the lowest C-S-H content and highest
carbonation content. In contrast, the sample with 0.100% of NFC presented the
most pronounced peak I and the lowest related to the decarbonation. This
indicates that the sample with 0.100% of NFC at 28 days of curing presented
more hydration products than the reference. However, those changes on the
hydration were not followed by a significant improvement of the compressive
strength (Figure 4-5). Regarding the results presented in Chapter 3, it was not
found any difference on the TG/DTG curves of the specimens with NFC.
According to the literature, there are few discussions on the influence of NFC on
each hydration product and those appoint to higher C-S-H and CH formation with
nanocellulose [21,22]. It is important to be aware that not all percentages of
inclusion result in an improvement of the hydration [2], even though this seems to
be the majority trend [4,21-25].

The common characteristic to all samples and ages was the shorter peak related
to the C-S-H degradation upon the addition of NFC and MCC. In spite this had
occurred to samples with 3 and 28 days, this effect was intensified on the older
samples. The exception as mentioned and discussed was the sample with 0.100%
of NFC.

By revisiting the results of the TGA of the NFC gel shown in Section 4.3.1,

one can notice that most of its degradation took place close to the temperature
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characteristic related to the C-S-H, around 140°C. This feature may interfere on
the TGA curves of the specimens reinforced with NFC (Figure 4-3c) and on its
interpretation. Despite this, the sample with 0.100% of NFC was still able to have
a more pronounced peak I (C-S-H) than the reference, at 28 days. TG analysis of
the sample with 0.100% of NFC was the only one that could indicate an actual
increase of the hydration products, if the gel degradation is not considered. It is
also important to restate that the specimens with NFC had lower amount of
mixing water on their dosages so the water in the gel could replace it. However,
from the small free water lost until 100°C shown on the TGA curve, one can
assume that the water present in the gel is not as available as the mixing water for
the hydration reactions to take place. This could have influenced the hydration
process of the NFC-specimens.

In order to complement TGA results obtained by the samples with 0.075% and
0.100% of NFC, XRD analyses were performed, in order to investigate the
mineralogical composition of the pastes, without the possible influence of the
similar decomposition temperatures for the NFC fibrils and C-S-H. The
spectrogram from 0.075% and 0.100% of NFC variations at 28 days of curing are
shown in Figure 4-7, as well as the reference. The peaks related to ettringite,
portlandite (calcium hydroxide) and residual clinker were identified. The presence
of vaterite was identified on the spectrograms of the samples with NFC. None of

the spectrograms indicated the presence of cellulose, with no peak at 22.4°.
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Figure 4-7 - X-ray diffraction patterns of the cement paste of reference, the

one reinforced with 0.075% and the one 0.100% of NFC, at 28 days of curing.
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To support the analysis, Figure 4-8 gathers the quantitative results of the main
components in percentage of each sample. The residual clinker comprehends the
alite (C3S), belite (CoS) and aluminate (C4Af) phases. The carbonate includes
calcite, dolomite, and monocarbonate. In the case of samples with NFC, there was
a significant presence of vaterite, which is also a polymorph of calcium carbonate.
The amount of the hydration products, ettringite and portlandite, was higher for
the reference sample than for the ones reinforced with NFC. The amount of
‘amorphous part’ also is probably related to the C-S-H gel. Thus, one can assume
that the presence of the nanocellulose reduced the hydration reactions. The
amount of residual clinker, higher for the samples with NFC, supports this
assumption as well as the compression tests results. The pronounced carbonation
could have been induced by the presence of NFC. Nevertheless, this behavior
shall be further investigated under a carbon dioxide atmosphere to support this
autogenous carbonation theory. Yet, calcium carbonite can be considered an
hydration phase of cement and could be partially responsible for the mechanical

behavior that will be discussed on the following Section.
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Figure 4-8 - Main components of the cement pastes with 0.075% and

0.100% of NFC, at 28 days of curing.
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By comparing the two samples with NFC, the main difference is regarding the
amount of the amorphous part, which corresponded to 36.5% for the 0.075%-
sample and 44.2% for the 0.100% one. Taking into consideration the ettringite,
portlandite and the amorphous phases, it is possible to consider that the sample
with 0.100% of NFC presented a more advanced hydration state in comparison to
the one with 0.075%. This founding was supported by the TGA analysis even
though the compressive average strength values showed the opposite.

Is is noteworthy the difference in calcium carbonate contents: 26.6% for the
sample with 0.075% of NFC versus 16.3% to the one with 0.100% of NFC. This
was also observed on the TGA analysis. Among the calcium carbonate portion,
the vaterite represented 17.9% of the total composition of the 0.075%-sample
while it represented 6% of the 0.100%-sample’s composition. Vaterite is a product
from the carbonation of C-S-H, identified as a sharp peak on TGA curves [26,27].
In fact, the DTG from the 0.075%-sample showed a sharper peak in comparison to

the others on the calcite range.
4.3.2.2. Porosity profile

Before describing the changes on the porosity profile of the samples upon the
addition of MCC and NFC, the size distribution of those additions should be
known. According to Zhang et al. [28], the commercially available MCC presents
a particle size ranging from 2 to 260 pm with a mean diameter of around 50 um,
even though on previous research (see Chapter 3), the average size of the MCC
particles was around 115 pm [29]. As described in Chapter 3, the diameter of the
nanofibrils used in the present work was of around 48 nm [29]. The pores were
classified according to according to their diameters [30]: nanopores (<10 nm),
mesopores (10-50 nm), macropores (50-200 nm), and larger pores (>200 nm).
Figure 4-9 presents the pore composition for specimens with 3 and 28 days of
curing. Other characteristics of the porosity profile of the specimens can be found
in Table 4-2.

After 3 days of curing, there was a relative increase of the macro and larger
pores and a decrease of the nano and meso ranges upon the addition of MCC. The
average pore size presented in Table 4-2 corroborated this analysis. The impact on

the macro and larger pores was more meaningful on the sample with 0.100% of
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MCC. From the TGA analysis, it was not possible to distinguish any difference
regarding the hydration of samples with MCC at 3 days of curing, except for a
shorter peak related to the C-S-H degradation. As the hydration time continued to
28 days (Figure 4-9b), the trend was to increase the relative percentage of nano
and meso pores and decrease the macro and larger ones. However, this effect of
increasing the relative portion of nanopores was more significant for the reference
sample than for the ones with MCC. The nanopore range is usually associated
with gel pores, the pores present within the layers of C-S-H [31]. From the TGA
curves, the samples with MCC presented indeed shorter peaks related to C-S-H
and CH, indicating a delay of the hydration reactions. Despite that, the dominant
(modal) pore diameter decreased from around 32 nm to around 20 nm, through the
MCC presence.

The increase on the range of macro and larger pores is often reported on the
literature [7,9,10] and it is correlated to possible agglomeration sites within the
matrix. The filling effect that MCC could have presented is not observed since the
relative pore larger volume range supposedly filled by the MCC particles (with

average size of around 115 pum) increased.
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Figure 4-9 Pore size distribution according to MIP investigations for (a) 3-

days of curing and; (b) 28-days of curing.

With the addition of NFC, at 3 days, there was an increase of the mesopores
and a decrease of the macropores. In the sample with 0.100% of inclusion, there
was also an increase on the larger pores range, not observed on the other samples.
From the third to the twenty-eighth day of curing, there was a very significative
increase of the nanopore relative composition of the microstructure of the samples
with NFC, similarly to what was observed on the reference. Comparing the pastes
with 0.075% and 0.100% of NFC, there was an increase and a decrease on the
mesopores range, respectively. In both cases a decrease of the macropores is
noticeable. The average pore diameter did not present any significant change, and
the trend of the modal pore size was toward a continuous decrease for the 3-day
old samples, as already reported [24,32,33].

According to the size distribution of the NFC fibrils described in Chapter 3,
they would be able to fill the nano and mesopores. However, this effect was not
observed on the 3-day samples. It is important to stress that the NFC in the gel

form brings its porosity and the newly formed interface can have an impact on the
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pore distribution of the sample. From the MIP results, this effect could have been
attenuated on the older samples. In essence, even though the role of NFC on the
microstructure of cementitious materials is rather unclear, all the improvements
observed in current literature regarding the pore distribution have been attributed
to hydration positive effects [23,24,33—35]. However, the analyses so far did not

lead to this conclusion.

Table 4-2 Characteristic of the porosity of cement pastes with several

percentages of MCC or NFC.

Average pore Modal pore
diameter (nm) diameter (nm)

3
days 28 days | 3 days

Sample

0% - Ref 247 16.6 37.8 31.8
N0050 24.4 17.1 30.0 30.4
NO0075 23.5 16.1 26.4 29.5
NO100 23.8 16.9 24.5 30.5
MO0050 34.3 20.2 38.5 20.0
MO0075 26.7 241 40.3 20.3
M0100 30.5 19.3 33.1 20.4

4.3.3. General mechanical behavior of the reinforced cement pastes

The results obtained from the mechanical tests, namely compression, three-
point bending, and direct tensile tests, performed at 28 days of curing, are
presented in Table 4-3. The compression tests were also carried out for the
specimens with 3 days of curing to complement the hydration investigation, as

seen in Section 4.3.2.1.
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Table 4-3 Results from the mechanical tests for the NFC and MCC
composites. The results include the average strength (o) and the standard

deviation (SD), in MPa.

Compression Bending Tensile

Specimen 3 days 28 days 28 days 28 days

Ref (0%) | 35.0 6.0 | 48.0 | 59 8.1 0.4 | 3.36 | 0.30
NO0050 33.4 1.7 | 484 | 6.1 106 1.5 | 3.79 | 0.32
NO075 31.2 75 | 478 | 20 | 116 | 11 | 593 | 145
NO100 31.9 34 | 432 | 45 | 106 | 25 | 580 | 0.70
MO0050 33.5 3.7 | 505 | 7.6 8.4 09 | 442 | 0.54
MO0075 28.5 16 | 46.2 | 57 | 102 | 05 | 573 | 0.59
M0100 326 | 45 | 490 | 4.0 13 1.9 | 460 | 0.54

Figure 4-10 assembles the results shown in Table 4-3 according to the
influence factor (IF). The IF is the ratio of the strength of the reference and the
strength of a selected variation. The IF can be interpreted as an improvement
factor upon the addition of MCC or NFC, in reference to the plain specimen with
no inclusion (0%). The purpose of Figure 4-10 is the straight comparison of the

different strengths and the attempt to trace a trend between them.
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Figure 4-10 Comparison between the mechanical strength IF values of the
cellulosic inclusions, MCC and NFC, according to the percentage of addition at

the 28 days of curing.

There was a significant flexural and tensile strength improvement for all the
percentages of MCC and NFC. The optimal percentage of NFC inclusion was
0.075%, with an IF of 1.43, representing a gain of 43%. However, taking into
consideration the error between 0.075% and 0.100%, those averages could be
considered in the same range. For the MCC-reinforced specimens the IF of 1.60
was obtained with 0.100% of MCC. The improvement in the flexural strength
promoted by the NFC addition is usually attributed to the possible bridging
capacity this material may offer [4,5,13,36,37]. The enhanced flexural strength
could also be related to a hydration improvement [4,22-25], although this is not a
rule [2,4,29,34]. In the case of MCC, the positive effect on the flexural strength is
related to the changes on the porosity profile and improvements on the hydration
[7,9,10,29].

The NFC addition led to a decrease in the compressive strength of the cement
pastes. This effect was intensified as the percentage increased, as shown by the
dashed orange line in Figure 4-10. This adverse effect upon the presence of

nanofibrillated cellulose had already been reported elsewhere [5,21,29,38,39]. The
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main reason for the detriment of the compressive strength of those composites is
air entrainment, leading to a more porous structure and agglomeration of the
fibrils network.

Considering the MCC-reinforced composites, the effect on the compressive
strength varied with the percentage of inclusion. However, it is important to
mention that those compressive strength averages could be considered statistically
equal if one considers the deviation values presented in Table 4-3. Previous
studies have reported divergent results, with some presenting improvement on
compressive strength upon the MCC addition [7,9,20,40], while others have
observed the opposite effect [10,41,42]. Those divergent results may have the
same source: the MCC hydrophilic nature with the consecutive water absorption
can either work as a water supply enhancing the hydration degree or represent
insufficient water to form C-S-H gel in the first hours of hydration [7,42].

The tensile strength values resulted from the direct tensile tests are depicted in
Figure 4-10c. It is worth noting the expressive strength increase, especially
beyond 0.050% of inclusion. The greater improvement for both cellulosic
inclusions was at the percentage of 0.075% with IF values of 1.70 and 1.76 for the
MCC and NFC additions, respectively. When the tensile strength was evaluated
on cement-based matrices with the addition of MCC or NFC, all studies showed
an improvement of this mechanical parameter [3,5,11-13]. The tensile strength
enhancement was attributed to the bridging cracks capacity of the inclusions at the
micro and nanoscale. Hisseine ef al. [3] observed a greater increase in the tensile
strength if compared to the flexural one, for equal NFC percentage. This behavior
was also observed in the present study.

It is interesting to highlight that, in general, there was either a detriment or no
effect on the compressive strength upon the addition of the cellulose-based
materials, contrary to the significant improvement observed in the case of flexural
and tensile strengths. In that way, the direct tensile test was important to attempt
to evaluate the effect of the additions on the tensile strength, as during the flexural
tests, tensile and compressive stresses take place. Although most of the
mechanical behavior improvement have been correlated to hydration
enhancements in the literature [4,21-24], this was not the case on the present

study, as previously discussed on Section 4.3.2.1 and shown in Chapter 3 as well.
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Even though there was a similarity on the strength values reached by each
inclusion, it is important to keep in mind their differences and their possible
distinct acting mechanisms. In the present investigation, the differences between
the MCC and NFC on the flexural and tensile strengths most probably rely on
their distinct morphologies shown in Figure 4-1 and on their physical properties.
Each cellulosic inclusion result from different processes involved in their
production. The defibrillation process is responsible for the refinement of the
fibrils resulting in a higher aspect ratio of the NFC in comparison to the MCC.
This characteristic is commonly linked to the reinforcing effect on the matrices,
not only the cementitious ones [29,43]. However, the agglomeration and
flocculation are also attributed to the high aspect ratio, resulting in some limitation
of the NFC application. While the aspect ratio could be one possible reason for the
NFC-reinforcement effect, the crystallinity index could be part responsible for the
superior mechanical properties displayed by the MCC-specimens. The properties
related to the cellulose crystals have been previously used to justify the
improvement observed on composites reinforced by two materials with different
crystallinity indexes [43,44].

As shown in the literature and in the present study, the specific surface area of
MCC and NFC is around 1.30 [45] and 9.72 m?%g, respectively. The hydroxyl
groups present on the cellulose surface can interact with the cement particles and
mixing water on the fresh state and with the hydration products on the hardened
state. Thus, this difference between MCC and NFC possibly alters the action of
those materials into the cementitious system. In addition, the NFC gel presents
98% of water and an amorphous porous part. These two features can interfere on
the microstructure of the specimens with NFC as related by Kolour ef al. in [46].
According to them, the presence of the NFC and the interaction of the fibrils with

the water molecules modify the capillary network of the system [46].
4.4. Conclusions

This Chapter was designed to understand how MCC and NFC could act on the
hydration evolution of a cement paste, regarding the microstructural aspect. In
order to accomplish this, the present investigation was composed of compressive
tests, TGA, XRD, and MIP analyses of the composites at 3 and 28 days of curing.

In addition, to complement the cellulosic inclusions’ characterization, analyses of


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

123

BET, XRD, and TGA were performed and confirmed the expected higher surface

area NFC presents despite its lower crystallinity and thermal stability, in

comparison to MCC.

The mechanical evaluation constituted of 3-point bending and direct tensile

tests. For the tensile tests, a new arrangement is proposed to fit small-prismatic-

geometry specimens of size 10 x 10 x 60 mm?. The following specific conclusions

can be drawn:

According to the TG/DTG investigations, the MCC addition led to a
decrease of the hydration products, C-S-H and CH, and a decrease in
the carbonation. This effect was only observed for the 28-day samples,
as the 3-day ones were comparable to the reference.

The addition of 0.050% and 0.075% of NFC resulted in a similar effect
of the addition of MCC, considering the decrease of the peaks related
to C-S-H and CH and increase of carbonation. On the other hand, the
addition of 0.100% of NFC was followed by an increase of the peak
related to C-S-H and comparable-to-reference CH and CaCOs peaks.
Despite this result, the XRD analysis showed that indeed the addition
of NFC did not contribute for an enhanced hydration.

The MIP results showed that at 3 days of curing there was an increase
of the macro and larger pores upon the addition of MCC. Although
there was a decrease of the nanopores relative proportion at 28 days for
the samples with MCC, the modal pore decreased from around 32 to
20 nm.

Regarding the porosity profile evolution of NFC-specimens, there was
an increase of the mesopores and a decrease of the macropores at 3
days of curing, in comparison to the reference. The lower proportion of
the macropores remained after 28 days of curing, although in general
the samples with NFC showed similar porosity profile regarding
average and modal pores, in comparison to the reference.

In general, the addition of NFC led to a denser microstructure than the
addition of MCC.

The changes in both hydration and porosity analyses did not affect the
compressive strength evolution of MCC- and NFC-reinforced

specimens.
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- The addition of MCC and NFC resulted in great benefits of flexural
and tensile strengths. With 0.075% of NFC, the percentage of flexural
and tensile increase was 43% and 76%, respectively in comparison to
the reference. And with 0.075% of MCC, this increase was 25% and
70%.

The results provided by the investigations collected in this Chapter indicate
that the mechanical improvements are more linked to the reinforcement capacities
of MCC and NFC than to their capability to positively affect the hydration. Even
though the TG/DTG analysis of the sample containing 0.100% of NFC indicated a
higher peak related to the C-S-H formation, neither the XRD, the MIP nor the
compressive strength confirmed the hydration improvement. This behavior could

be perhaps related to the NFC gel degradation.
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5. Effect of nanofibrillated cellulose on shrinkage of
cement pastes

5.1. Introducao

The design of a structure must contemplate its lifetime service, which implies
considering cracks as a possible entryway for deleterious agents. Cracks are
formed due to several causes, and not all of them involve external forces. For
instance, shrinkage is a volumetric deformation due to changes in water content
and chemical process that can lead to crack formation even at a very early age [1].
Thus, it is reasonable to adopt actions to prevent and mitigate issues related to
excessive shrinkage. Some measures can be applied as suitable in-situ curing
practices, although this approach is not always possible. In this way, the
development of materials that are tailored to control shrinkage deformation is
desirable.

There are several strategies to mitigate shrinkage in cementitious materials,
such as controlling hydration reactions, reduction of the surface tension of pore
solution, internal water supply and the inclusion of internal restraints such as
aggregates and different types of fibers [2—6]. The motivation for using natural
fibers-based materials is to combine the benefits of internal curing and restraint
effects. The internal curing effect may be theorized from the hierarchical yet
porous microstructure those fibers present and their hydrophilic and hygroscopic
nature [7]. Those intrinsic characteristics allow water retention and possibly
further release, working as an internal water supply. The restraint effect comes
from the morphologic and physical properties such as the high aspect ratio some
natural fibers-based materials exhibit. As examples of the use of macro natural
fibers in controlling the shrinkage, Kawashima and Shah observed a positive
effect on autogenous shrinkage of cement pastes and mortar with 2 and 3% of
cellulose fibers, and their presence also delayed the crack formation and decreased
its width on concrete specimens submitted to restrained drying tests. Similar
results were found by Rapport and Shah [8] and Motta et al. [9] with lower
cellulosic fiber content, and by Buch [10] regarding plastic shrinkage.
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Nanocellulose had already been used as auxiliary material to enable the study
of the shrinkage of high water-to-cement ratio cement paste specimens due to its
high water absorption ability, preventing bleeding [11]. Moreover, nanocellulose
can also mitigate the autogenous shrinkage of cementitious materials [12—14], as
shown in detail in Chapter 2.

Regarding autogenous shrinkage, there are challenges related to its
measurement due to the time it starts and the time its deformations become
significant. Shrinkage initiates as soon as the hydration products are formed,
changing the cement paste from a liquid and colloidal suspension into a hardened
and porous solid [15]. During hydration, different types of pores are formed
depending on how the solid skeleton arranges itself. If there is no extra water
supply, the pores drain water from capillary networks leading to the drop of the
relative humidity. Thus, in a combination of different mechanisms, including self-
desiccation, surface tension, disjoining pressure and capillary tension, cement
paste shrinks [16]. Here, autogenous shrinkage deformation is related to the bulk
deformation of a closed system, not subject to external forces [16]. Given the fact
that hydration and self-desiccation are at their highest rate at early ages and so is
autogenous shrinkage, the measurement should start as soon as possible.
Therefore, it is important to keep in mind that the decision on the starting point
will affect the measured deformation [17,18]. In other words, the comparative
result between different mixtures is directly affected by the time zero definition as
well as the magnitude of the deformations.

Although by definition the autogenous shrinkage starts even before setting, the
initial deformation may not correspond to the stress development of interest [19].
The target time zero is when the autogenous shrinkage can effectively generate
internal stresses. The most common and utilized method is the penetration
resistance test, also known as the Vicat needle test. In fact, the time zero
recommended by ASTM C1698-09 for the autogenous shrinkage test is the final
setting time obtained with the Vicat test. Nevertheless, this penetration test
indicates mechanical development, and not always a microstructural relation can
be traced. Moreover, the conditions that the specimens submitted to the Vicat and
shrinkage tests can be different [17]. Due to its importance, alternative methods of
time zero determination of cementitious materials have already been developed

and discussed in several studies. Among the methods used, electrical conductivity,
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acoustic emission, temperature evolution and ultrasonic pulse velocity (UPV) can
be mentioned as non-destructive ones [19—24]. In addition, indirect methods have
been suggested as the comparison between chemical and autogenous shrinkage
[20] and the analysis of the autogenous length change measurements [19,20].

The main objective of the present work is to evaluate the influence of
nanofibrillated cellulose (NFC) gel on the autogenous shrinkage behavior of
cement pastes. Three distinct water-to-cement ratios (w/c) were used to prepare
the pastes since NFC can interact differently with the cement particles and the
available water depending on the water content of the environment. The
percentages of NFC inclusion were 0.000%, 0.025% and 0.050% in relation to
cement weight and the specimens had w/c of 0.30, 0.35 and 0.40. In order to
better understand the impact of NFC during the hydration evolution, especially on
the early age of cement pastes, flow table, bleeding and ultrasonic pulse velocity
tests were performed. Two approaches, namely the hardened sealed prism and the
corrugated tube methods, were used to assess the autogenous shrinkage behavior.
In addition, the total free shrinkage was investigated. The shrinkage
measurements were performed for 28 days. The time zero for the corrugated tube
specimens was determined through different methods: a destructive test (Vicat
needle), a non-destructive one (UPV) and an indirect methodology (rate of
autogenous deformation). A comparison between them was made and how each
one of them interferes on the magnitude of the shrinkage was discussed. For the
investigated mixtures, the inflection point from the rate of deformation curve was
considered the most appropriate time zero so the meaningful stresses could be
taken into consideration during the shrinkage development.

The choice to carry this Chapter only with NFC as inclusion material was
based on the preliminary screening results of MCC-reinforced specimens. Those

results can be found in Appendix A.
5.2. Materials and methods
5.2.1. Composition and preparing of cement pastes

The cement pastes were prepared with German Portland cement type I (CEMI
42.5 R) from HeidelbergCement AG, tap water and a nanofibrillated cellulose
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(NFC), obtained from bleached Pinus pulp, the same one used in Chapter 4. The
derived NFC was in a gel form, containing 2.0% of nanofibers.

To investigate the influence of the NFC on the shrinkage behavior of different
cement pastes, the w/c ratios and the content of NFC were varied. The
investigated w/c ratios were 0.30, 0.35 and 0.40 and the contents of NFC were
0.000, 0.025 and 0.050 wt.%. The percentage values of NFC are in respect with
the mass of cement, and the mass of solid nanofibers presented in the gel. In order
to keep the same w/c ratio as in the reference specimens (0.000 % of NFC), the
water in the NFC gel was discounted from the mixing tap water amount. The

composition of each paste mixture is given in Table 5-1.

Table 5-1 Cement pastes with NFC mixture proportions. Values of cement,
water and NFC gel are given in weight (g). The flow table test results are

presented with the values before and after the strokes, in mm.

1
Sample wic NFC % Cement | Water NFC gel' Flow table test

(¢)] (¢)) (¢)) (mm)
30-NOO | 0.30 | 0.000 100 30.00 0.00 104/191
30-N25 |0.30 | 0.025 100 28.78 1.25 107/181
30-N50 |0.30 | 0.050 100 27.55 2.50 102/171
35-N00 | 0.35| 0.000 100 35.00 0.00 142/236
35-N25 |0.35| 0.025 100 33.78 1.25 117/213
35-N50 | 0.35| 0.050 100 32.55 2.50 106/186
40-NOO | 0.40 | 0.000 100 40.00 0.00 214/280
40-N25 |0.40| 0.025 100 38.78 1.25 171/243
40-N50 | 0.40 | 0.050 100 37.55 2.50 140/230

I'Nanofibrillated gel with 2% of solids (nanofibrils).

All the materials were kept in a temperature-controlled room (temperature of
21 £ 3 °C and RH of 50 + 5%) prior to the mixing of the specimens. The mixing
water and the NFC gel were mixed for 5 min at 600 rpm to homogenize the
suspension. The cement was placed in the bowl and the water-and-NFC
suspension was added. The moment when the water is in contact with the cement
was considered to determine the age of the mixture. The paste was mixed for 1
min at 140 rpm and 4 min at 285 rpm in a bench-mounted planetary mixer of 5 1.

The cement paste used for the corrugated tube autogenous shrinkage, flow

table, Vicat needle, UPV and bleeding tests were mixed in one single batch.
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5.2.2. Shrinkage tests
5.2.2.1. Total shrinkage

Prisms with dimensions of 160 x 20 x 20 mm?® were cast with steel pins
embedded in the middle of the two 20 x 20 mm faces to enable the length
measurements. The specimens were kept in an environmentally controlled room
(temperature of 21 + 2 °C and RH of 50%), where they were demolded after
around 24 h and where the measurements were carried out. Shortly after
demolding, the specimens were placed into a rigid framework vertically mounted
and automatic readings were performed continuously for 28 days. The
displacement measurements were taken by a dial gauge every 30 min or when it
detected a length variation of 0.001 mm. Three prisms of a same composition
were produced, and the results here presented are the average of a set of

specimens.

5.2.2.2. Autogenous shrinkage

Two different approaches were used to assess the autogenous shrinkage
behavior of the cement pastes with NFC: sealed prism and corrugated tube
methods [25]. The advantages of the use of sealed prisms include a more direct
comparison with the free-drying shrinkage specimens since they can be cast in the
same molds and exposed to the same curing conditions. Also, casting cement
paste prisms is a well-established procedure in most laboratories and the molds
can be reused as much as needed. One of the main downsides of this method is the
loss of the very early-age deformation measurements since the specimens need to
be stiff enough to be handled. As mentioned, it is reasonable to assume that the
very early-age displacement measurement is important to fully understand the
phenomenon. Regarding this issue, the use of corrugated tubes is a good
alternative as it allows the displacement measurement as soon as the tubes are
filled. Due to the singularities, pros and cons of the two methods, a comparison is
here performed.

For the prismatic specimens, the same methodology described in 2.2.1 was
applied, except for the sealing of the prisms with aluminum foil before their

placement into the frame.
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One single batch was intended for the autogenous shrinkage using the
corrugated tubes, Higermann flow table, Vicat needle, ultrasound and bleeding
tests. Right after mixing, the necessary volume of cement paste for the autogenous
shrinkage, around 400 ml, was set apart for filling the tubes while the other tests
were carried out. One end of each corrugated tube was closed with a plastic plug,
which was covered with Vaseline to prevent leaking, especially for the more
flowable mixtures. The tube was then placed vertically in a rigid plastic pipe to
enable the filling process. The system tube-plus-pipe was positioned on a
vibrating table where it was filled while vibrating. After filling three tubes of a
given composition, they were cleaned from any spills, weighted, and placed into
metal frameworks horizontally mounted. The length changes were continuously
read at every 30 min or when the dial gauge detected a variation of 0.001 mm.
The moment from the time that the water was added until the first reading was of
around 45 min for the more flowable mixtures and of around 80 min for the stiffer

ones.

5.2.3. Flow table

The workability of each composition was estimated by means of the
Héagermann flow table test [26]. The spread diameters of the samples were

measured before and after the strokes, at the age of 7 min.
5.2.4. Bleeding test

The method here adopted was based on the one proposed by Josserand and de
Larrard [27] with modifications. A cylindrical PVC mold with 145.0 mm of
height by 36.5 mm of diameter was fixed on a plate base from the same material.
The cement paste was poured in at the age of around 15 min until the height of
125 mm. Then, the layer of water that accumulated on the top of the surface was
sucked with a pipette at intervals of 30 min. The first measurement was made after
30 min the paste was poured into the cylindrical mold. The mold was not moved
during the test and a lid was used to cover the mold to prevent water evaporation.
After the test, both the pipette and the beaker used to pour the removed water
were dried and weighted so any fine particles that may have been sucked with the

bleeding water could be discounted on further calculation. A correlation between
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the weight of the removed water and what it represented in terms of the height of
the cylindrical mold was made and this value is here determined as equivalent

height.
5.2.5. Time-zero determination

Although the use of the corrugated tubes allows the measurements at a very
early age, i. e. as soon as the tubes are filled, the strains during the plastic phase
may not lead to considerable internal stresses that generate cracks. The choice and
definition of the starting point can alter the result, including the magnitude of the
strains. Such decision affects comparisons between different mixtures, as further
shown. Based on the literature, there are some alternatives for the determination
of the time zero. The methods used here for the determination of the time zero
include two indirect approaches, namely the final setting time by Vicat needle and
the evaluation of the ultrasonic pulse velocity (UPV) curve. In addition, the
deformations obtained from the autogenous shrinkage test were analyzed
regarding their inflection point and strain rate.

The ASTM C1698-09 [25] advises to take the final setting time defined with
the penetration resistance measured by the Vicat needle test (ASTM C191-19)
[28] as the time zero for the measurements. According to also ASTM C1698-09,
the measurements are made manually. Thus, the tubes should be stiff enough to
prevent disturbances that lead to mismeasurement. However, in the present study,
the readings are automatically performed, and the possible errors induced by the
manual reading are minimized. The Vicat needle test itself may be a source of
inaccuracy since the fresh pastes are submitted to different environments despite
the shrinkage and penetration resistance tests take place in the same room. For
instance, the plate-and-conical ring arrangement used for the Vicat test is not as a
closed system as the corrugated tubes so the bleeding water may have influence
on the hydration development. Besides, it was reported differences in the
temperature experimented by Vicat and autogenous samples tests [17] that may
interfere in the hydration. In addition, during the measurements with the needle,
the sample surface must be in contact with air, representing another interference in
the hydration. Although the limitation of the method, the initial and final setting

times defined by the penetration resistance are good start points for evaluation of
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the behavior of the mixtures. Thus, the Vicat needle test was carried following
ASTM C191-19.

The UPV method can be used to follow the hydration evolution of
cementitious materials [23,29,30]. It is known that the velocity is sensible to the
hydrate formation and the duration of its sharp slope corresponds to the cement
hardening process. Thus, the increase of the velocity is associated with the
formation of the solid phase of cement: both the volume fraction of solids and the
connected fraction [23]. The ultrasonic pulse velocity of compression waves was
automatically read by the software CELplus from Geotron-eletronik (version 1.3)
at intervals of 20 seconds. The distance between the transducers was 25 mm and
attached to a flexible container which was filled with the total volume of paste
280 ml. The transducers were directly in contact with the fresh paste. The readings
started at the age of around 20 minutes and continued until 23 hours.

Unlike the penetration resistance and the UPV tests, the direct analysis of the
deformation enables the evaluation of the material itself that is in fact submitted to
the shrinkage strains. Thus, with this approach there is no need for extra tests
because the measurements of the length change already give the information that
can lead to the determination of the time zero. There are some ways of
interpreting the curves obtained from those measurements, especially when there
are replicates, like the present case. One of the indicators of the time zero is the
scatter between replicate samples, as discussed elsewhere [17,31]. The evaluation
is performed considering the three samples, and the correspondent average curve.
Another approach for the analysis of the autogenous strain deformation is

regarding its rate, as it will be discussed in Section 5.3.2.1.
5.3. Results and discussion
5.3.1. Fresh properties

The workability measured by means of the flow table test gives a brief
understanding of the rheology of the cement pastes and how it is affected by the
inclusion of the NFC. The results are presented in Table 5-1, the spread diameters
both before and after the strokes. In general, the inclusion of any percentage of
NFC led to a significant loss of workability for all three w/c, as pointed in Chapter

3. The reduction of the diameter was more perceptible before the strokes, with the
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decrease reaching 65% of the reference value for the 40-N50 specimen. The
specimens with the w/c of 0.40 were the ones more affected by the presence of
NFC on the test before and after the strokes. The minimum spread diameter
allowed by the apparatus is around 105 mm, so the fact that the spread values
before the strokes remained the same for the samples with NFC and w/c of 0.30
did not mean the rheology was not affected by the NFC. It is worth reminding that
the amount of water present in the gel was discounted from the mixing water (see
Table 5-1). Thus, the presence of NFC may not be the only one responsible for all
the changes in the flow behavior of the cement pastes.

Due to their intrinsic characteristics such as hygroscopicity and hydrophilicity,
the nanofibrillated filaments can take water out of the fresh cement paste. This
capacity can be easily assessed by the bleeding test. The results are presented in
Figure 5-1 as the height of accumulated, or bleeding, water versus time, for all the
mixtures. The axis corresponding to the accumulated water was adapted for each
variation of w/c so it would be possible to observe the differences among the
samples. From the reference samples (black lines and symbols), it is possible to
notice this difference as the final level of accumulated water value went from 0.3
to 2.0, and 3.4 when the w/c went from 0.30 to 0.35, and 0.40, respectively. It is
possible to observe that the addition of NFC decreased the amount of accumulated
water, and this response was incremented according to the percentage of
nanocellulose. This behavior was noted for the three water-to-cement ratios here
analyzed and for all the time intervals that presented changes in the measurement.
Although the low height of accumulated water sample 30-NOO presented, 0.3 mm,
the presence of NFC was still capable of altering the free water content on the
surface of the samples. Such alteration became even more considerable for the
samples with w/c of 0.35, with 0.025 and 0.050% of NFC lowering the bleeding
water height from 2.0 to 1.5 and 0.9, respectively. When the amount of water is
increased on the samples with w/c of 0.40, the effect of 0.025% of NFC was
nearly negligible, although this percentage was able to decrease the time interval
in which there were measurements changes. The trend suggests that a higher
amount of nanocellulose would be necessary to significantly retain water in those
samples. This behavior can be understood as the capacity of the NFC fibrils to

uptake and “hold” part of the mixing water into the bulk matrix, even at very early
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ages. A similar response was found by Hisseine ef al. [12], where the authors also
relate this capacity to the intrinsic properties of the nanocellulose.

The flow table and bleeding tests results indicate that NFC alters meaningful
aspects of the cement pastes in the fresh state. This discussion will be better
explored in Chapter 6. The rheology and bleeding water can modify other
properties, including shrinkage behavior. Even though the mechanisms are not
completely clear, the relation between the mixing water and the cement particles
is influenced by the presence of the nanocellulose. Such influence can change

according to the w/c.
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Figure 5-1 Bleeding height versus time for cement pastes with water-to-
cement ratio of: (a) 0.30; (b) 0.35; (c) 0.40. The time zero is one when the fresh

paste was poured into the molds.
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5.3.2. Evolution of the solid skeleton

The initial and final setting times resulted from the Vicat test are presented in
Table 5-2 for all mixtures. It is possible to notice that the inclusion of NFC
promoted a decrease in the setting time, for all water-to-cement ratios under
investigation. The difference was more pronounced when the w/c changed from
0.35 to 0.40, and not too significant for the w/c of 0.35. Although a delay in the
setting time of cementitious matrix with macro and nano cellulosic fibers is
usually observed [32-34], a similar effect of accelerating the setting time was
found by Mejdoub et al. [35]. The delay in the setting is often attributed to steric
stabilization between nanocellulose and cement particles and to the interactions
with the -OH groups [36], while the accelerating effect could be associated with
the hydration enhancement upon the addition of nanocellulose [35]. The latter
effect can be attributed to alkaline hydrolysis and the possibility of nanocellulose

acting as a nucleating agent in a cementitious matrix [37].

Table 5-2 Values of initial setting time (IST) and final setting time (FST) in

hours determined by the Vicat needle penetration test for all cement paste

variations.

wlc NFC% IST (h) FST (h)
0.000 4.63 6.17

0.30 0.025 4.56 5.92
0.050 4.39 5.96
0.000 5.30 6.13

0.35 0.025 5.34 5.92
0.050 5.29 5.83
0.000 7.14 9.13

0.40 0.025 6.95 8.93
0.050 6.83 8.63

Figure 5-2 shows the UPV (continuous line) and the UPV rate (dashed line)
curves of the 30 NOO sample. The first three hours were suppressed from the
curve since this period presented many disturbances and scattering points. The
UPYV rate curve was obtained after the fitting of the UPV curve with a nineth order
polynomial curve. The minimum and maximum points of the rate curve are here
denominated as Critical Point 1 (CP1) and Critical Point 2 (CP2) and are

highlighted in both curves in Figure 5-2. The CP1 has already been used as the
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time zero reference point for starting the measurements of autogenous shrinkage

tests [38].
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Figure 5-2 Ultrasonic pulse velocity (UPV) and its rate curves of 30__NOO

sample.

Many authors [23,29,30,34,39] suggest the division of the UPV curve into
three stages in an attempt of detecting the main phases of the hydration
development of cement pastes. The process that the fresh cement paste goes
through from a viscous suspension to a solid material has an intermediate phase,
usually called transition phase. This transition phase is taken as an important yet
critical phase since severe changes occurs in the cement microstructure in this
period. One of the methods to identify the transition phase from the UPV curves is
to trace tangents to the curves (red lines in Figure 5-2) and their intersection
(points A and B) divide the curve into the three stages. The transition phase is the
second one, where the velocity slope is steeper. It is also when the setting takes
place. When the NFC is included, the UPV curve became smoother, as shown in
Figure 5-3. In addition to this behavior, the initial (at 3 h of age) and final (at 23 h
of age) values of the UPV curves are slightly distinct among the mixtures. For
instance, the velocity curve of the 30 _N50 started with the lowest value and ended
with the higher one, even though its evolution was more gradual, in comparison
with the other curves. Two factors that had already been identified as responsible

for decreasing the velocity are the water content (w/c) and the presence of pores
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[23,29,30]. It is important to emphasize that the amount of water on the gel has
been discounted to remain the same w/c among the mixtures, and it can be
discussed if this water in the gel acts the same way as the mixing water. The
capacity of the nanofibrils to retain water even at early ages was addressed in
Section 5.3.1. Besides that, NFC presents a porous structure and the morphology
of the gel itself can also interfere on how the waves go through the sample. Those

both characteristics may be responsible for the 30 N50 velocity shape.
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Figure 5-3 Ultrasonic pulse velocity (UPV) of the samples with water-to-
ratio equals to 0.30 variations sand their correspondent rate curves for the first 23

hours.

This “smooth effect” resulted from the addition of NFC is more perceptible in
the sample with the highest NFC content, of 0.05%. However, it is difficult to
detect the baseline to trace the tangents from the UPV curve. Therefore, the rate of
the UPV curve helps to understand the evaluation of the velocity development.
The time that takes for each sample to reach the minimum (CP1) and the
maximum (CP2) values in the rate curve are of interest and they are presented in
Table 5-3 with their correspondent values of velocity and velocity rate. From
Table 5-3 it is possible to notice the small difference between the UPV rate values
of CP1 and CP2 for 30 N50, highlighting the “smooth effect” upon the addition
0f 0.05% of NFC.
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Table 5-3 Values of the time that corresponds to Critical Points 1 and 2,
obtained from the rate of UPV curves. CP1 and CP2 correspond to the minimal

and maximum values of the UPV differential, respectively.

| (of | CP2

Sample |... UPv UPV rate . UPv UPV rate

P'€|Time (h) (kmis?)  (kmis?) | e () sy | (kmis?)
30-N00| 577 | 1.53 0.041 | 1123 | 216 0.176
30-N25| 542 | 155 0600 | 1033 | 215 | 0.165
30-N50 | 567 | 1.49 0.118 | 1056 | 218 0.162
35.N00 | 597 | 1.63 0.005 | 1364 | 223 0.102
35.N25| 4.05 | 162 | -0.081 | 1205 | 1.96 0.114
35.N50 | 4.02 | 162 | -0030 | 11.77 | 198 0.124
40-NOO | 8.09 | 165 0.045 | 1380 | 204 0.094
40-N25| 629 | 151 0.020 | 1431 | 208 0.102
40-N50 | 6.28 | 146 0.035 | 1502 | 206 0.101

The hydration begins to develop since the first contact between water and
cement particles. Then, only when there is the necessary minimum of hydrates
formed, the velocity abruptly increases. This point corresponds the CPI1. The
hydration reactions proceed with the continuous increasing of hydrates until the
rate of velocity reaches its peak, the CP2. After reaching CP2, it is possible to
observe the decrease in the velocity rate and its subsequent stabilization. Thus, the
acceleration and the following deceleration in the velocity rate curve indicate that
the threshold of solidification was achieved, as observed elsewhere [23,29,30].
This threshold of solidification can be understood as the establishment of a solid
path between both ends of a sample [29]. In this investigation, the time to reach
the CP2 i.e., the time correspondent to the maximum rate of UPV, was considered
as a possible alternative for the time zero. It can be noticed from Table 5-3 that,
except for the samples with w/c of 0.40, the time correspondent to CP2 had a
similar trend as the Vicat test: the presence of NFC shortened the time to achieve
the evidenced point. Regarding the CP1, those values are closer to the initial
setting time determined by the Vicat test than CP2 values are when compared to

the final setting time.

5.3.2.1. Shrinkage strain analysis

The autogenous shrinkage strain curves of 30-NOO variation are presented in

Figure 5-4a and zeroed as soon as the measurements started at 0.9 h. One can
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observe the high scatter between the replicates during the first hours. The
possibilities for this high scatter include the following: (i) the deformation in the
plastic phase is driven by the settlement of the corrugated tubes, (ii) the tubes may
be better attached to the measuring point after the setting [31] and (iii) the time
difference to fill the three tubes. Despite the high dispersion in the first hours, it is
possible to notice that the shape of the three curves starts to get closer to each
other after 9 h. The deviation between the three samples is plotted in Figure 5-4b
as well as its differential over time. From Figure 5-4b it is noticeable that the
moment when all the samples begin to shrink in the same way is from 9 h on, as
guided by the pink line. This is corroborated by the rate of the scatter (dashed

line) that became steady and minimal at 9 h.
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Figure 5-4 Analysis of the deformation of the 30 NOO replicates during the
first 24 hours. (a) Autogenous shrinkage deformation zeroed at the first
measurement; (b) The scatter between the three samples and the correspondent

rate.

Figure 5-5 brings the rate of deformation of all samples 30 NOO with the rate
of the average curve highlighted. According to Meddah and Tagnit-Hamou [19], it
is possible to identify the three phases that the fresh cementitious materials
undergo during the hardening process from the rate of the deformation curve,
including the transition phase. With this methodology, the time zero would be the
moment when the pattern of the rate of deformation is abruptly changed. This
means the reference time is the peak of the rate of deformation, the maximum
rate. Although the peak of the rate represents a characteristic time, it should be
carefully used as the time zero when the autogenous shrinkage presents
expansion, like the present case and as emphasized by Meddah and Tagnit-Hamou

[19].
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Figure 5-5 Deformation rate of the samples 30 _NOO.

The dashed lines in Figure 5-5 show the division of the hydration evolution
into three phases, namely plastic, transition and solid. The maximum rate is
reached at 5.1 h, and it decreases after that at a still considerable sharp slope. The
stabilization of the rate occurs at the end of the transition phase, at around 21 h,
three hours later than suggested by the UPV analysis (see Figure 5-2). Therefore,
the transition phases identified from the UPV and from the deformation rate
evaluation differ from each other. The elapsed time until the maximum rate of 5.1
is rather lower than the one expected to be the time zero if one compares the
approaches analyzed so far. This value is closer to the initial setting time from the
Vicat needle test (see Table 5-2).

The behavior of the curve of the rate of deformation can be explained by the
fact that, prior to setting, the increasing slope is related to the chemical shrinkage,
as pointed out by Sant et al. [20]. As the solidification process progresses, the
material gets more resistant to bulk deformations, justifying the decrease of the
rate.

The rate of deformation is the first derivate of the deformation curve over time.
Since it is a differential curve, the fact that it presents both positive and negative

values 1s an indication of the existence of a local maximum or minimum value. In
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this case, it is a local minimal and it is correlated to the inflection. For the 30 NOO
mixture, the time when the rate of deformation is zero is 14.3 h. From this time
beyond the expansion takes place. As the expansion is also a deformation that
should be considered, the time correspondent to the inflection of the rate curve
will also be considerable an option as the time zero. The notable points obtained

from the rate of deformation analysis for all mixtures are presented in Table 5-4.

Table 5-4 Elapsing time correspondent to the notable points resulted from
the rate of deformation analysis, namely minimum scatter (Min. scatter),

maximum rate (Max. rate), and inflection. Values in hours.

Sample Min. scatter (h) Max. rate (h) Inflection (h)

30-N0OO 9.0 5.1 14.3
30-N25 8.6 4.2 13.3
30-N50 9.6 4.5 13.8
35-N00 25.1 10.3 20.1
35-N25 16.2 10.2 19.7
35-N50 10.7 8.2 19.5
40-NOO 5.8 13.5 5.0
40-N25 5.8 13.3 9.0
40-N50 8.5 13.6 9.2

5.3.2.2. Comparison between the time zero methods

This topic is devoted to comparing the three approaches used for the
determination of the time zero. This time is the reference from which the
shrinkage deformations will be zeroed. The time zero can be taken as a critical
value since it affects the magnitude of the shrinkage values, leading to a mis
comparison between mixtures.

Figure 5-6a assembles the notable times obtained from the Vicat needle and
UPV tests, and from the rate of deformation analysis of the nine mixtures.
Grouping the results according to the water-to-cement ratio, the times
correspondent to the characteristic points follow different patterns. For instance,
for the specimens with w/c of 0.30, the maximum rate and the initial setting point
(IST, from Vicat) values were close to each other, the same way the CP1 was
similar to the final setting time (FST, from Vicat) points. Interestingly, it took the
longest time to the inflection point occurs, around 5 h later to the minimum

scatter, which marks the error stabilization among the replicates. One noticeable
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trend was the same observed on the Vicat test: the addition of the NFC had an
effect of decreasing the time of the points. This may indicate an acceleration
effect on the hydration reactions upon the presence pf the NFC.

Analyzing the w/c ratio of 0.35, none of the times obtained from different
approaches were systematically similar. As shown in Table 5-2, there was a minor
distinction between the initial and final setting times, which it is not so frequent
with cement pastes. In addition, the scattering among the times was the highest of
the water-to-cement ratios, and with the longest time to achieve the minimum
scattering of the replicates. Nevertheless, the effect of the NFC in decreasing the
time zero options was kept for all approaches, except the inflection one.

Regarding the 0.40 ratio, the IST and the CP1 are proximate, as well as the
FST and the inflection times. The first is in agreement to what was observed
elsewhere [23,30]. It is worth to highlight that the minimum scatter occurred early
in comparison to the other water-to-cement ratios. A relevant aspect is the
inflection time of 40-NOO that happened at a significant early time, 5.0 h, even
before of the initial setting time. As it will be further discussed, the specimens of
this series presented a high value of expansion strain, stablished at the first
measurements. The expansion behavior may had overtaken the other mechanisms
and hydration processes. Nevertheless, the IST, FST, CP1 and maximum rate
presented lower values for the specimens with nanocellulose.

Although all the characteristic points were brought for discussion, the time
zero candidates, based on the literature and on the distinct behavior of the cement
pastes under investigation, are presented in Figure 5-6. In fact, due to their
values, the IST and CPI seem to be more correlated to the beginning of the
setting.

Figure 5-7 shows the autogenous shrinkage deformation evolution over 28
days for the 30 NOO mixture. The different curves correspond to the time zero
differently considered for each approach previously discussed. As
aforementioned, the use of the corrugated tubes allows very early age
measurements although one must keep in mind that the decision of the time zero
has great impact on the shrinkage strain result. The line representing the 24 h is
also included for a further comparison with the sealed prisms. The average raw
data is presented to distinguish which parts of the curve is included or excluded of

the analysis. Although all the time zero candidates listed in Figure 5-6b
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comprehend the expansion of 30-N0O, the maximum rate, FST, minimum scatter
and the UPV (CP2) also took a descendent branch that, if considered as part of the
resulting curve, increases the total shrinkage strain at the end of the 28 days. This

increase obviously depends on the chosen time.
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Figure 5-6 Comparison between the notable points obtained from Vicat
needle, UPV and rate of deformation. (a) Notable points for all the nine mixtures;

(b) Location of each time zero on the raw data shrinkage curve.
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The reference time obtained from the inflection point was the one that resulted
in the lowest strain value at the end of 28 days. This method considered the
expansion developed by the specimen only as positive values of strain, leading to
an “up shift” of the curve. The difference between the inflection curve and the
others depends on whether each zero time includes or not negative and positive
portions. For instance, in the curve obtained with the UPV time zero (Figure 5-7),
only a small part of the beginning of the expansion was in the negative portion so
the difference between this curve and the inflection one was only of 15 pe. The
difference between the inflection and other methods was of around 40, 100, 180
and 140 pe for minimum scatter, Vicat FST, maximum rate and raw data,

respectively.

Raw data (0.9)
Max rate (5.1)
FST (6.17)

Min scatter (9.0)
- UPV (11.23) —
Inflection {14.3)
24 hours (24.0)

-300

-600

-900

Autogenous shrinkage strain, pe

-1200 —
| L l

Time, days

Figure 5-7 Autogenous shrinkage deformation evolution over 28 days for
the 30_NOO mixture. The number in parenthesis is the reference time in hours

correspondent to each method used to zero the curve.

By analyzing the transition phases identified by the UPV (Figure 5-2) and the
rate of deformation curves (Figure 5-5), both CP2 and the inflection point are
contained within the correspondent interval. Thus, those points are located before
the total solidification of the mixture. The time of 24h is located after the
solidification, considering both methods. From Figure 5-7 it is possible to observe

that the 24h-curve did not contemplate the expansive deformation entirely. The
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expansion took place between 14 and 28 h so the 24h curve only contemplated the
last 4 h of the expansion.

The former discussion around the results presented in Figure 5-6a highlights
how the different cement pastes affect the time zeros obtained from the methods
employed. If one extends this analysis to the nine variations here investigates, the
results are the ones presented in Table 5-5. Depending on the choice of the time
zero, some variations would not present expansion with positive strain values, or
they would be lower than when the inflection is selected. Besides, if the maximum
rate or the minimum scatter would have been selected, the benefit of using NFC
would not have been noticed in some variations. The opposite scenario is found

by the minimum scatter and UPV methods considering the w/c of 0.35.

Table 5-5 Values of maximum swelling (Max. Swell.) and strain at the 28

days of shrinkage test according to the distinct time zero options. Values in in pe.

PUC-Rio- CertificagaoDigital N° 1721350/CA

| Inflection | Max.rate | FST | Min. Scatter |  UPV

Sample| Max. | At28 | Max. ‘At 28 | Max. | At28 | Max. ‘ At 28 | Max. | At 28

Swell. | days | Swell. | days |Swell.| days | Swell. | days |Swell.| days
30-NOO | 70 -897 0 -1089 0 -1010 21 -946 51  -917
30-N25| 52 -982 0 -1202 0 -1123 0 -1068 | 12 -1022
30-N50 | 22 -575 0 -1192 0 -913 0 -660 0 -628
35-N00 | 320 -472 | 246  -547 | 321  -471 24 -768 | 126 -667
35-N25| 217  -537 | 173  -567 | 212  -540 58 -693 | 130 -622
35-N50 | 48 -600 48 -601 17 -632 48 -601 58  -591
40-NOO | 576  -206 | 422 -359 | 576  -206 614 -167 | 402 -379
40-N25| 402 -261 | 300 -363 | 402 -261 381 -282 | 254 -409
40-N50 | 470 -207 | 372 -304 | 469 -204 468 -209 | 313 -363

Based on the discussion along the present topic, the time zero that will be
considered for further calculations is the one related to the inflection point of the
deformation curve if it is after the IST. The aim of this choice is to dismiss the
strains that probably did not produce considerable internal stresses during the
plastic phase. Since the series 40-N00’s inflexion point was two hours before the
IST measured with the Vicat needle, for this specific case, the IST will be taken as
the time zero. The authors believe the inflection point better represents the
shrinkage behavior, especially having all the expansion represented by positive

values of strain.
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5.3.3. Autogenous shrinkage

The effect of the NFC inclusion on cement pastes regarding the autogenous
shrinkage was investigated by means of two tests: sealed prisms of 24-h aged and
corrugated tubes with time zero determined by the inflection point of the
deformation curve. The inflection point is calculated from the zero point of the
rate of deformation curve. A comparison between the methods is made by the end

of the two analyses.
5.3.3.1. Sealed prisms

The autogenous shrinkage strain evolution over 28 days of all mixtures is
presented in Figure 5-8a. For better visualization of the strain development on the
first days, Figure 5-8b, Figure 5-8c and Figure 5-8d bring the strain development
of 4 days, for each water-to-cement ratio. The starting point of measurement of
the length change was as soon as the prisms were demolded and sealed, around 24
hours.

The inclusion of NFC affected differently the shrinkage strain of each water-to-
cement ratio mix. At the end of the 28th day, 0.025% and 0.050% of NFC
increased the autogenous shrinkage in 130 and 320 pe, respectively for specimens
with w/c of 0.30. This trend was not observed for the specimens with higher water
content. For specimens with w/c of 0.35, the inclusion of 0.025% of NFC
decreased the autogenous shrinkage by more than 100 pe, representing a reduction
of 15% of the final strain. Doubling the amount of nanocellulose to 0.050% was
enough to increase the strain in 70 pe. Although the effect of the nanocellulose in
specimens with w/c of 0.40 was not as significant as on the 0.35-specimens, their
presence led to a reduction of around 7.0% (60 pe).

Besides the positive or negative effect depending on the water and NFC
content at 28 days, the inclusion of nanocellulose influenced on the expansion
deformation experienced by the pastes. Figure 5-8b shows for instance that
0.025% almost reduced to zero the strain, with a maximum deformation of 9 pe
facing 35 pe of the reference (30-N00). This trend was also observed for the
specimens with the w/c of 0.35 and 0.40, as shown in Figure 5-8c and Figure
5-8d. For those w/c ratios, the expansion was reduced to half: 35-N25 and 35-N50
in comparison with 35-N00, and 40-N25 in comparison with 40-NOO. In general,
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specimens with 0.025% of NFC showed less expansion. Swelling at early ages has
already been reported on cement pastes when autogenous shrinkage was
investigated [40,41], especially for higher w/c ratios. This behavior is often
attributed to the formation of large crystals of Ca(OH)2 and ettringite. The
inclusion of NFC into the cement paste may have altered the hydration kinetics
and the hydrates in a way that led to the expansion reduction. Although the steady
trend of the expansion attenuation promoted by the NFC noticed in all three
distinct w/c, Hisseine et al. [12] observed the opposite effect with the addition of
nanocellulose fibrils. In their study, the nanocellulose probably replenished the
absorbed water [12], as well as observed by Kolour et al. [13]. Although
expressive benefits were reported by the papers [12,13], it is important to
highlight that in both papers either there was an extra amount of water [13] or an
extra amount of superplasticizer [12] in the specimens with NFC. In the present
investigation there is no evidence that the uptaken water, showed by the bleeding

tests (Figure 5-1), was released back to the bulk matrix.
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Figure 5-8 (a) Autogenous shrinkage strain development measured by the
sealed prisms over 28 days. Zoom at the first four days to highlight the expansion
behavior for the specimens with water-to-cement ratio of (b) 0.30; (c) 0.35;

(d) 0.40.

5.3.3.2. Corrugated tubes

Figure 5-9 shows the mean autogenous shrinkage deformation curves of all the
investigated mixtures along 28 days, after the adjustment according to the time
zero discussed in Section 5.3.2. With the intention of facilitating the
understanding of the influence of nanocellulose on the shrinkage behavior, the
evaluation was divided by w/c ratio. However, one general effect of the addition

of NFC for all the w/c ratios was the attenuation of the expansion at the first hours
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experienced by the cement pastes. A similar effect was also presented by the
specimens tested with the sealed prisms. In the case of the corrugated tubes, this
effect was more pronounced on the ratios of 0.35 and 0.40.

Starting with the ratio of 0.30, 0.025% of NFC increased the final strain in 85
pe, representing 9% of increase. However, if the percentage of NFC is 0.050%,
the shrinkage development is substantially modified, with a reduction of the strain
in more than 35% (-320 pe). With the smallest values of expansion of this series,
and among all the investigated mixtures, the 30-N50 was the first to present
negative strains at 1.4 days and remained with the highest strain values until the
third day. Beyond, its behavior began to change and at around 4.5 days. At this
point, the strain values were lower than its correspondent reference, 30-N0O. This
trend continued the following days until complete the 28 days of measurement. It
is important to highlight that this curve represents the average values of three
specimens and all the replicates presented the same behavior and similar shape.

Regarding the 0.35 series, the inclusion of NFC did not lead to any
improvement in relation to the final shrinkage strain reduction. One may relate
this result to the significant impact of the nanocellulose on the mitigation of the
expansion. The difference of the peak expansion value between the reference (30-
NOO0) and the counterpart mixtures 30-N25 and 30-N50 was of 100 and 270,
respectively. While the difference of the final shrinkage strain was of 65 and 130,
comparing the same pair of values. This means the shrinkage difference between
the variations with and without nanocellulose was inferior to their difference in

the expansion.
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Figure 5-9 Autogenous shrinkage deformation over 28 days after the

definition of the time zero.

This expansion/shrinkage relation also occurred to the specimens with w/c of
0.40, as shown in Figure 5-9. The mixtures with nanocellulose reduced more the
expansion peak than increased the final shrinkage. In fact, the 40-N50 curve
reached the same strain as the reference by the 22" day on. The discussion in this
Section related to the expansion should be considered depending on the boundary
conditions given.

When the cement particles undergo the hydration process, pores are created
due to the restrictions of the structure of the hydration products. If there is no
external water source, the water within the capillary pores is driven to the first
pores, leading to menisci formation. The compressive stresses oppose the tensile
ones in a way that volumetric changes take place. Thus, the higher strain values
reached by some of the mixtures containing NFC can be related to the higher
porosity primarily on the first hours. The lower values of velocity of the curves
shown in Figure 5-3 from the UPV tests support this theory since this behavior is
usually attributed to the presence of voids and pores. In addition, superior values
of porosity can be found on systems containing nanocellulose [12,33,42,43].

Results from the flow table and bleeding tests demonstrated the water retention

capacity of the NFC in Table 5-1 and Figure 5-1, respectively. However, the
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autogenous shrinkage results suggested the NFC does not work as most of internal
curing agents, indicating that the water held by the NFC was not available at least
during the first minutes. This behavior leads to two possible explanations. Either
the water uptaken by the NFC fibrils is not available for further release and
replacement of the water that is drained to pores or the pore introduction by NFC
suppressed the first effect. The water replenishing capacity of the NFC was
already demonstrated by Hisseine et al. [12]. Nevertheless, shrinkage is a complex

phenomenon that evolves distinct mechanisms and the combination of them.
5.3.3.3. Comparison between the test methods

Figure 5-10 brings the comparison between the methods for autogenous
shrinkage investigation, sealed prisms and corrugated tubes. The images were
divided according to the w/c ratio for a better visualization. In a general way, the
shrinkage values presented by the tubes were lower when compared to the prism
curves of a same mixture. The main contributing factor for this behavior was the
expansion experimented by the cement pastes at the first hours. Since the prism
measurements must start after the solidification, 24 h, the expansion was not
completely measured and thus, not considered into the total behavior.

The variation that presented similar behavior among the methods was the ratio
0.40 (Figure 5-10c), although the high discrepancy in the values. The expansion
measured by the tubes was the responsible for the strain difference of around 600
pe between the methods. For the w/c of 0.30, Figure 5-10b, the trend of the
curves of the tubes showed a progressive increase in shrinkage with increasing
amount of nanocellulose. This trend was not followed by the curves of the prisms.
The influence of the expansion is also noticed on the w/c of 0.35, which even
altered the result of the comparison between specimens with and without

nanocellulose, reinforcing the role that expansion took on those results.
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Figure 5-10 Autogenous shrinkage strain using sealed prisms and

corrugates tubes with water-to-cement ratio of: (a) 0.30; (b) 0.35; (c) 0.40.

It is interesting to observe the differences concerning the two methods herein
analyzed. Besides the significant expansion that can be missed or underestimated
with the adoption of the sealed prisms, the initial behavior of the cement pastes
within and beyond the transition phase should be understood. The early
deformations whether positive or negative can affect the condition of the material
either casted in formworks or in-situ situations. In the present comparison, it is
clear that not only the order of magnitude but also the conclusion of whether the
NFC is able to increase or decrease the deformations is affected by the chosen
method.

Besides the results presented by the methods, one should be aware of the
possible impact they may have on the process. While the corrugated tubes present
as a completely closed system, the metal molds used for the casting of the sealed
prisms may not have the same efficiency in keeping a closed and isothermal
system. Some possible imperfections on the molds aligned to the time the
specimens are handled and exposed to the environment, can contribute to the
differences between the results presented. In this matter, the extra ‘free’
accumulated water may play a crucial role [17,44,45]. Before the complete
solidification, the bleeding water could be reabsorbed by the paste, possibly
leading to expansion [46]. In fact, the samples that presented a higher bleeding
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height were the ones with expansion more pronounced, as shown in Figure 5-1. In
addition, the NFC fibrils were effective in holding part of the bleeding water.
Thus, it is reasonable to assume, by the shrinkage results, that this water was not
reinserted into the cement paste at least during the first hours. Hisseine et al. [12]
showed that at higher relative humidity, the water rate of release by the NFC is

lower.

5.3.4. Total shrinkage

The total shrinkage deformation evolution for 28 days is presented in Figure
5-11. Each line is the average of three specimens of a same composition. The
dashed dot, continuous and dashed lines represent the composition with w/c ratio
of 0.30, 0.35 and 0.40, respectively. The total shrinkage is a combination of the
autogenous and drying shrinkage. The values of total strain for the plain mixtures
namely 30 NO0O, 35 NOO and 40 NOO are in accordance with others found
elsewhere [9,47]. A first distinction from the autogenous shrinkage tests with the

sealed prisms was the absence of the expansion portion of presented in the first

ages.
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Figure 5-11 Evolution of the total shrinkage deformations in the different
cement paste mixtures with (N25 and N50) and without (NOO) NFC, for the

different water-to-cement ratios.
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The overlapping observed by the mixtures with w/c ratio of 0.35 indicates that
the inclusion of up to 0.05% of NFC does not affect the total shrinkage, at least
for measurements taken after the first 24 h. In fact, the difference between 30-N0O
and the ones with NFC (30-N25 and 30-N50), was lower than 1%. Regarding the
variation of w/c of 0.30, by the end of 28 days, the inclusion of NFC led to an
increase of the shrinkage strain of around 2%. While for the mixtures with w/c of
0.40 the presence of 0.025 and 0.050 % of NFC led to an increase of 2.4% and of
5.5% at 28 days, respectively.

If one compares the total to the autogenous shrinkage measured by the sealed
prisms (Figure 5-8), the relation of increase/decrease shrinkage values is not the
same. This is a straightforward comparison since the specimens were cast in the
same molds, exposed to the same curing conditions and similar handling. The
distinct relation of the w/c ratio and the percentage of NFC, and their interaction
regarding the free shrinkage behavior has been already observed by Kolour et al.
[48]. In their research, they reported no benefits in using nanocellulose for
decrease shrinkage strain for several w/c, excepted the 0.35, where there was a
significant reduction of the deformation upon the addition of a small percentage of
NFC (0.05%) [48]. In fact, Ferrara et al. [49] also noticed a decrease of the
autogenous shrinkage and an increase of the total shrinkage upon the addition of
cellulose nanopulp. Both the studies correlated the increase on the total shrinkage
to the assumption of the interaction between nanocellulose and mixing water leads
to a more porous microstructure working as a facilitator for the loss of moisture
[48,49]. Indeed, the results brought by the UPV analysis suggests a more porous
matrix even at the first hours of hydration of the specimens with NFC, as shown
and discussed in Section 5.3.2.1.

Other two possible reasons, related to the amount of water available into the
cement paste, can be responsible for this behavior: the different amount of mixing
water among the mixtures with a same w/c, and the water uptake by the
nanofibrils. Since the water present in the NFC gel was discounted from the
mixing water, in theory the amount of available water was kept the same,
regardless the content of NFC on a given mixture. However, the water present in
the NFC gel may not behave similarly to the mixing water used. In fact, as
discussed in Section 5.3.1 and showed by the flow table and bleeding tests, the

presence of NFC immediately changes how the free water behave within the fresh
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paste. In addition, the NFC acts as water reservoir since some of the ‘free’ water
in the fresh cement paste is uptaken, as shown in Figure 5-1. Moreover, the
carbonation effect observed in Chapter 4 could also play a role on the shrinkage

deformation increase displayed by the NFC-reinforced specimens.

5.4. Conclusions

The present work raised several discussions related to the shrinkage of cement
pastes with distinct water-to-cement ratios with the inclusion of nanofibrillated
cellulose (NFC). The percentages of NFC were 0.000%, 0.025% and 0.050% in
relation to cement weight and the w/c were equals to 0.30, 0.35 and 0.40. As the
autogenous shrinkage starts during the first hours of the hydration and its
development can affect other properties, a dense investigation on the fresh
properties is necessary. Specific conclusions can be summarized as follows.

- From flow table, ultrasonic pulse velocity (UPV), Vicat needle and the
bleeding tests, the nanocellulose significantly altered the fresh
structure and the hydration development of all the mixtures analyzed.

- The Vicat needle test and the other characteristic times suggested that
the presence of NFC accelerated the hydration reactions, yet with
probably a more porous microstructure.

- The rheology is highly affected by the presence of the NFC, modifying
the workability and the amount of ‘free’ water on the fresh state. In
fact, by means of the bleeding test it was showed the capacity of
retaining water the nanocellulose fibrils have.

- The elapsed time for each of the time zero candidates were developed
in a different way, depending on the water-to-cement ratio. The
inflection of the rate of deformation curve was elected as the one that
better represented the autogenous shrinkage evolution. The only
restriction is that the inflection must be contained within the transition
phase of the liquid/solid phases. It was clear that the chosen time zero
plays an extreme important role on the autogenous shrinkage behavior
evaluation.

- Regarding the autogenous shrinkage methods, the sealed prisms did

not contemplate all the expansion experienced by the specimens as the
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corrugated tubes did. The expansion values progressively increased
with the amount of bleeding water.

- The expansion peak measured by both autogenous shrinkage methods
for all the mixtures was attenuated by the presence of any percentage
of NFC, decreasing up to 85% the positive deformation.

- The combination of water-to-cement ratio of 0.30 and 0.050% of NFC
resulted in a decrease of 36% of the autogenous shrinkage measured
with the corrugated tubes by the end of 28 days.

- The inclusion of NFC into the cement pastes did not significant
changed the total shrinkage deformation of the specimens with w/c of
0.30 and 0.35. The presence of 0.050% of NFC increased around 5%

the total shrinkage strain.
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6. Rheological characterization under static and dynamic
regimes of cement pastes with microcrystalline and
nano-fibrillated cellulose

6.1. Introduction

The study of the rheological properties of cement-based materials is essential
for the processes directly linked to the flow performance of the fresh mixture,
such as pumping, spreading, casting, compaction, and recently 3D-print
requirements [1]. In a simple way, during hydration, the cement paste becomes
stiffer until it sets. Thus, the rheological behavior of cementitious materials is
highly time-dependent since the hydration continuously develops over time.
Although single-point tests, such as slump, give a starting workability value, they
do not cover the full rheological understanding of cement pastes. This justifies the
use of advanced rheometers for a better understanding of the flow behavior,
especially when other materials, such as cellulose, are added to mixture.

Basically, the effects of the cellulosic inclusions on the cementitious materials’
rheological properties can be divided into two groups. The first is the one related
to cellulose crystals’ inclusion, in which the steric stabilization effect is observed
[2]. Due to this effect, there is a decrease in the yield stress at a low content of
crystal inclusions. After a specific threshold, the crystals' agglomeration effect
suppresses the steric stabilization one, and there is an increase in the yield stress
and viscosity [2—4].

The second group of expected outcome is the one observed when cellulose
fibrils are included, where there is an increase in the yield stress even at low
percentage inclusions [4-10]. This effect is normally attributed to the
hydrophilicity [8] and morphological aspects of the fibrils [9] that provide volume
stability to the fresh material. In fact, the rheological behavior of the suspension
itself influences the rheological behavior of the fresh mixtures [11]. In addition,
the cellulosic inclusions (crystals and fibrils) intensify the shear-thinning behavior

of the fresh material.
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The objective of this Chapter is to characterize the effects of increasing
percentages of MCC and NFC on rheology of cement pastes. Two distinct
regimes, based on a two-point approach were performed. Both static (constant
shear rate - CSR) and dynamic regimes were taken into consideration, with the
rheological measurements over time. Different ranges of percentages of NFC and
MCC were investigated. An additional set of variations of NFC-reinforced
specimens were assessed on the CSR test so the role of the water on the NFC gel
could be discussed. The rheological behavior of the NFC gel was also
investigated, showing a shear thinning behavior. This shear thinning behavior was
intensified on the cement pastes with MCC and NFC. In general, NFC inclusion
led to a stiffer paste even at low percentages, as 0.010%, while only additions

beyond 0.500% of MCC resulted in similar values.

6.2. Experimental program
6.2.1. Materials and mixing process

The mixing process can affect the fresh and hardened properties of
cementitious materials, including their microstructure development. The mixing
time, speed and the order of each step affect the rheology of fresh cement pastes
[12]. Portland cement CEM 1 42.5 R produced by HeidelbergCement AG and tap
water were used to produce the cement pastes. The microcrystalline cellulose
(MCC) and the nanofibrillated cellulose (NFC) were the same as described along
the thesis. Their characterizations were developed also along the Chapters 3 and 4.

The mixture compositions and details are given in Table 6-1. The specified
mass of each ingredient was used to produce around one liter of cement paste. The
cement pastes were reinforced with varied percentages of MCC and NFC, as
shown in Table 6-1. The percentage of inclusion is with respect to the cement
weight. In the case of NFC, the percentage is related to the fibrils solid content of
the gel.
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Table 6-1 Composition of the different variations of the matrices

investigated, in weight.

Inclusion % Cement Water MCC NFC
(9) __powder(g) gel(9)
35_Ref 0.35 - 0.000% 900 315.0 0.00 0.00
35M_0050 0.35 MCC 0.050% 900 315.0 0.45 -
35M_0500 0.35 MCC 0.500% 900 315.0 4.50 -
35M_0750 0.35 MCC 0.750% 900 315.0 6.75 -
35M_1000 0.35 MCC 1.000% 900 315.0 9.00 -
35N_0010 0.35 NFC 0.010% 900 310.6 - 4.50
35N_0025 0.35 NFC 0.025% 900 304.0 - 11.25
35N_0025_EW | 0.35 NFC 0.025% 900 315.0 - 11.25
35N_0040 0.35 NFC 0.040% 900 297.4 - 18.00
40_Ref 0.40 - 0.000% 900 360.0 0.00 0.00
40N_0025 0.40 NFC 0.025% 900 349.0 - 11.25
40N_0025_EW | 0.40 NFC 0.025% 900 360.0 - 11.25

The selection of the percentage of inclusion of MCC (0.05%, 0.50%, 0.75%,
and 1.00%) and NFC (0.010%, 0.025%, and 0.040%) was based on the flow value
and on the torque limitation of the rheometer. The concept was to compare
mixtures with comparable flow values. Since the workability of the cement pastes
was more affected by the NFC inclusion than by the MCC'’s, the percentage of the
former was considerably lower than the latter. For those mixtures, a water-to-
cement ratio of 0.35 was used. Besides the variations with w/c of 0.35, another set
of tests was conducted in order to investigate the water contribution to the
rheological behavior of the samples with NFC. Thus, samples with w/c of 0.40
were included to this investigation and their specifications are found in Table 6-1.

All the materials were kept in a controlled room (temperature of 21 &+ 3 °C and
RH of 50 £ 5%) prior to the mixing of the specimens, for at least 12 hours.
Approximately 1 L of cement paste was used in each test. Each type of inclusion
needed a pre-step mixing before the contact of the water with the cement particles.
This pre-step of mixing is specified as “-00:02:00” (HH:MM:SS) in Table 6-2.
Due to their different forms, the NFC gel was homogenized with the mixing water
(with IKA T50 digital ULTRA TURAXX), while the MCC powder was mixed
with the dry cement (manually with a spoon). For the cement paste mixing, a
bench-mounted planetary mixer of 5 L was used. This approach was used in the
experiments presented in the previous Chapters. The mixing process details are

described in Table 6-2, as well as the chronological order of the tests. The ‘time


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

172

zero’ was taken as the moment when the water (or suspension, in the case of NFC

samples) got in contact with the cement particles.

Table 6-2 - Mixing protocol for the fresh cement pastes' rheological tests,

dynamic and static.

Speed

Time (HH:MM:SS) (rpm) Action
A A . Homogenization of: NFC gel and mixing
-00:02:00 - 00:00:00 | 600; - water; MCC and the cement
00:00:00 - 00:00:30 ) Addition of water/suspepswn tq the cement
and manually integration
00:00:30 - 00:01:30 140 Mixing
00:01:30 - 00:02:00 ) Scrapping the material from the wall and
bottom of the bowl
00:02:00 - 00:05:00 285 Mixing
00:05:00 - 00:07:00 - Haegermann flow table test and photos
00:07:00 - 00:10:00 ) Filling the unit cell and shifting it to the
rheometer room
00:10:00 - 00:12:00 ) Allocation of the unit cell and setting of
rogram
00:12:00 - 00:14:00 - Resting
00:14:00 - 00:15:40 | O<y<50 Pre-shear (see Figure XX)
00:15:40 - 00:20:00 - Resting
00:20:00 y<0.15 CSR test
00:25:00 -y<0.15 Repeat the test at each 5 minutes

00:12:00 - 00:15:00 - Resting
00:15:00 0<y<50 | Hysteresis loop (dynamic test; see Figure 1)
00:30:00 O<y<50 Repeat the test at each 15 minutes

6.2.2. Rheological test

6.2.2.1. Haegermann flow table test

The Haegermann flow table test was performed for every batch before the

rheological tests, following the procedure described in EN 1015-3 [13]. The

moment when it was performed is detailed on Table 6-2. The measurements were

taken before and after 15 strokes. For a visual observation, photos were also taken

for each measurement.



DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

173

6.2.2.2. Two-point tests

For both static and dynamic tests, a HAAKE MARS II Rheometer was used.
The equipment had a building material’s cell and a vane configuration. Figure 6-1
shows the apparatus, with the detail of the cell unit that receives the fresh paste in
Figure 6-1b. A temperature control module was coupled for maintaining the
sample at the temperature of 20 £1 °C. The paste was carefully filled into the unit
cell with a spoon. The time selection of each test was also based on the torque

limitation of the equipment.

Figure 6-1 (a) The rheometer used coupled with a temperature control

module. (b) The cell unit.
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The single-batch approach was employed on the rheological tests due to its
time efficiency and material saving benefits. Regardless the time duration and the
time when each test was performed, the cement paste was permanently kept

covered into the unit cell.

6.2.2.2.1. Dynamic test

The dynamic test was performed through the employment of a hysteresis loop
of shear rate ramp as shown in Figure 6-2. The tests were performed at every 15

minutes on a same batch, following the single-batch approach.
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Figure 6-2 Shear rate ramp and the specification of the steps of the
hysteresis loop applied on the tests.

As it will be further presented, the cement pastes rheological behavior was not
classified as “perfect” Bingham liquids yet endowed with shear-thinning behavior.
However, the Bingham rheological parameters are extensively and commonly
used as starting values, so they were calculated according to the following
equation (Eq 6.1).

T=Ty+ Uy (Eq6.1)

Where 1 is the shear stress, 1o the yield stress, p is the plastic viscosity, and y

the shear rate. The parameters were calculated after the deflocculation with the


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

175

paste at the called equilibrium. That means that the yield stress and plastic
viscosity were taken from the descending curve, the final 15 steps in Figure 6-3b.
As mentioned above, the shape of the descending curve was far from a straight
line. Thus, the yield stress was calculated considering the five last steps and the
plastic viscosity, the first three steps from the descending curve. Those steps are
highlighted in Figure 6-3b, where one can see the shear stress versus shear rate
resulted from the application of the unloading part of the hysteresis loop, for the
reference sample at 15 min. Additionally, the thixotropy was calculated as the
area of the shear stress versus shear rate loading curve subtracted from the area
correspondent to the unloading curve. This parameter is usually related to the

energy stored within the particles of the fresh sample.
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Figure 6-3 — (a) Shear stress versus shear rate of the hysteresis loop. (b)

Points considered to calculate the Bingham parameters.

6.2.2.2.2. Static test

One of the strategies to measure the static yield stress of materials is the
constant shear rate (CSR) method. With this technique, a considerably low shear
rate is applied until a peak value or a plateau is reached. This value is attributed to
the flow start and is considered the static yield stress (SYS) of the material at a
specific age. Multiple measurements are performed along the time to assess the
SYS value at different ages of the fresh cement paste. With the SYS versus time
curve, it is possible to calculate the structural build-up ratio. The parameters
chosen for the in-hand experiments were based according to the recommendations
found in [14].

The mixing was carried out according to Table 6-2. In order to guarantee the
deflocculation and corrected positioning of the vane, a pre-shear was performed at
14 minutes of age, in the form of a hysteresis loop. This pre-shear was the same
applied to the dynamic tests, showed in Figure 6-2. After the pre-shear, the CSR
was applied, at a chosen rate of 0.15 s'. The static yield stress (SYS)
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measurements were conducted at 20, 25, 30, 35 and 40 minutes for the pastes. For
each variation, the test was carried for at least two replicates. If the results differed
from each replicate more than 8%, another sample was run.

The early age structural build-up evolution of cement pastes over time is
characterized by linear evolution as it will be discussed on Section 6.3.2. Each
static yield stress is plot according to the time of resting and the angular
coefficient is understood as the structuration parameter (Awmix). This approach is
known as the Roussel’s model [15] and it was used due to the shape of the SYS

versus rest time curve.
6.3. Results and discussion

To analyze all the results obtained, first, an overall screening regarding the
flow behavior is made. Then, the results from the dynamic regime are presented,

followed by a discussion about the possible acting mechanisms on Section 6.3.1.3.
6.3.1. Flow table test

Figure 6-4 presents the results obtained from the Haegermann flow table test.
The spread diameters were normalized according to the reference (35 Ref). As a
baseline, the average spread diameter of the reference sample was of 134.5 and
224.0 mm, before and after the strokes, respectively. The values of the percentage
of inclusion can be divided into “low addition”, including the 0.010, 0.025, 0.050,
and 0.100%, and “high addition”, with percentages of 0.50, 0.75, and 1.00%.
From Figure 6-4, it is possible to notice the difference between the impacts of the
two types of cellulose on the rheology of the cement pastes. The inclusion of the
NFC led to a decrease in the cement paste flowability. The impact of the NFC was
so meaningful that for matters of workability and equipment restriction, the NFC-
samples was limited to the “low addition” range, up to 0.100%. However, under
0.100% of addition, the MCC presence led to an increase of workability, in
comparison with the reference. It was only with values beyond 0.500% that the
MCC particles worked against flowability.

The switch of behaviors between the samples with low and high additions can
be clearly noted on the green curves in Figure 6-4. For instance, the addition of

0.01% of MCC resulted in an 11% wider diameter while 1.00% of MCC resulted
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in 85% narrower diameter compared to the reference, before the strokes. This
increase of flow face low additions, followed by a decrease of this parameter at
higher percentages has been already observed with cellulose nanocrystals [2,3],

and it will be carefully discussed ahead in Section 3.1.3.
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Figure 6-4 Average workability estimated by means of Haegermann flow

table test, according to the percentage of each inclusion.

The NFC inclusion promoted, at all additions contents, a severe impact on the
workability of the cement pastes. It is important to highlight that the influence on
the values before the strokes is limited by the size of the apparatus used. That is
the reason of the stabilized value of 0.78 reached for the inclusions beyond
0.050% of NFC. However, the spread diameter after the strokes was continuously
narrower than the reference, represented by the values lower than 1.00. The
addition of 0.100% of NFC lead to a decrease of 74% of the spread diameter. The
same percentage of MCC addition had no significant impact, compared to the
reference.

The “static condition” on the flow test, where there were no strokes or other

acting movement, was more affected in both observed behaviors promoted by the
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low and high additions of MCC. This effect was replicated to the NFC reinforced
samples, except of course for those samples where the apparatus limitation was

detected.
6.3.2. Dynamic

For the dynamic tests, the addition of 0.050% of MCC was selected as an
exemplary of low addition percentage. Furthermore, samples with high addition
percentages of 0.500%, 0.750% and 1.000% were investigated. The low addition
range was used for the NFC-reinforced samples with the modification of 0.050%
to 0.040% due to torque limitations of the rheometer used.

First, the results regarding the reference sample are exhibited and commented.
The shear stress versus shear rate curve and the apparent viscosity versus shear
rate of the reference sample at the age of 15 min are presented in Figure 6-5 and in
Figure 6-6, respectively. Multiple comparisons between its behavior and the
others’ samples are made along the following topics. The calculated parameters at

15 minutes of age are presented in Table 6-3.

Table 6-3 Parameters calculated from the curves obtained from the dynamic

tests. The units are displayed for each parameter. The samples were 15 min aged.

Bingham
parameters
Mixture Yield Plastic
stress, | viscosity,
Pa Pa*s
35 Ref 173.6 4.53 3.60
35M_0050 189.9 5.20 4.68
35M_0500 253.1 6.18 6.22
35M_0750 314.5 6.98 5.85
35M_1000 338.6 7.07 6.41
35N_0010 237.4 5.28 5.14
35N_0025 309.2 5.69 6.43
35N_0040 410.4 5.42 6.45

The evolution of the yield stress and the plastic viscosity over time, until 120
minutes of the reference is showed in Figure 6-7-a and b, respectively. After 60
minutes, the yield stress was significantly and continuously increased as the
hydration reactions contributed to the formation and strengthening of the mineral

skeleton of the paste. From 15 minutes of hydration to 120 min, the yield stress
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went from 173.6 to 225.7 Pa. The applied hysteresis loop and the strain rate level
have influence on the rheological behavior of cement fresh materials [16]. The
maximum viscosity value achieved was of 4.53 Pa.s at 15 min. After this age, the
viscosity continually decreased until the age of 60 min. Then, the viscosity values

tended to rise until the end of the test, 120 min.

6.3.2.1. MCC

Figure 6-5 shows the shear stress versus shear rate curves of the samples with
MCC, at 15 minutes of age. In comparison to the reference’s curve, the MCC
addition led to a stress increase in all rates and at all percentages investigated. The
low addition of 0.0500% resulted in a non-significant increase of the stress, which
was expected according to the flow table test results shown in Figure 6-4. It is
possible to notice the “gap” between the low and the higher additions on the
shear-strain curves. Besides the shear stress, the Bingham parameters, namely
yield stress and plastic viscosity, also increased, as shown in Table 6-3. At 15
minutes, the addition of 0.05%, 0.50%, 0.75%, and 1.00% of MCC resulted in
yield stress increase of 9%, 46%, 81%, and 95%, respectively.
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Figure 6-5 Shear stress versus shear rate curves of the samples with and

without MCC inclusion, at the age of 15 minutes.
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The apparent viscosity was also recorded by the rheometer system and Figure
6-6 shows the results. The decrease of the viscosity with the increase of the shear
rate is a typical behavior found on materials known as ‘“shear-thinning”. The
addition of MCC headed to a strengthening of this shear-thinning behavior. As
more MCC was present on the mixture, the higher the initial apparent viscosity
was, and more abrupt the drop of this value. The difference between the reference
and the samples with MCC was more perceptive at the initial rate, until 3 s™'. After

that, the values came closer although the ones presented by the samples with

MCC were always higher.
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Figure 6-6 Apparent viscosity of the samples with different percentages of
MCC of the samples at 15 minutes. The x-axis is interrupted from the shear rate 3

s until 40 s! for highlighting where the difference was more perceptible.

Figure 6-7 presents the evolution of the yield stress and the plastic viscosity
over time, until 120 minutes of the samples with MCC. Those parameters were
calculated as described in 2.2. The first highlight is regarding the test duration.
The inclusion of 0.05% and 0.50% led to a decrease of the test duration in 15 min
and the inclusion of 0.75% and 1.00%, in 30 min. This was due to the torque
limitation at the beginning of the hysteresis loop. The effect of the MCC on the

development of the yield stress was given by an up-shift of the curve, in relation
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to the reference, to higher values but essentially a similar shape. This shift reached
higher values for higher percentages of MCC. If comparing the difference
between the ages of 15 and 90 minutes, the increase of the yield stress was in the
order of 10%. At 90 minutes, the inclusion of 0.05%, 0.50%, 0.75%, and 1.00% of
MCC resulted in yield stress increases of 8%, 38%, 69%, and 94%, respectively.
This increase of around 94% in the yield stress was approximately the same for all

ages, when comparing the 35 Ref and 35M_ 1000 average results.
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Figure 6-7 — (a) Yield stress and (b) plastic viscosity obtained for the
dynamic test of the samples without (reference) and with different amounts of

MCC, over time.

When analyzing the viscosity behavior upon the addition of MCC in Figure
6-7b, one can notice that again, the trend was nearly the same, with higher values
though. The maximum viscosity value took place at the first measurement at 15
minutes, for all the MCC-samples, followed by a considerable decrease until
around 60 minutes. Beyond this age, there was a recovery of the viscosity values,
which was sharper for the samples with MCC, specially at the age before the end
of the test. The initial increase in viscosity when the MCC was added was of 15%,
36%, 54%, and 56%, in relation to the reference.

The more intensive influence on the yield stress than on the plastic viscosity
promoted by the MCC has already been observed [17]. The possible cause for this
behavior is brought in section 3.1.3. Usually, when MCC is added to cementitious
materials with inclusions percentages of more than 0.2%, a reduction of the
flowability of the fresh material is observed [17—19]. Those observations were

made at inclusions percentages of more than 0.2%. However, as observed in
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Chapter 3, the MCC addition not always lead to a decrease in workability [20,21].
A similar behavior is found in mixtures containing cellulose nano crystals [2,4].
The effect of the MCC on cementitious materials’ rheology is usually
attributed to the increase of interactions when the MCC is added: besides the
cement particles-water molecules interactions, there are now the MCC-cement
particles and MCC-water molecules interactions. Those interactions may be
driving by the -OH presence and the water retention capacity that decreases the

free water on the fresh cement pastes.

6.3.2.2. NFC

The shear stress versus shear rate curves resulted from the first application (15
minutes) of the hysteresis loop on the samples with different percentages of NFC
is found in Figure 6-8. As expected, the inclusion of NFC led to an increase of the
shear stress at every shear rate tested. This effect was similar to the observed on
MCC-reinforced samples although once again at considerably lower percentage of
inclusion. The addition of 0.010% of NFC led to more pronounced changes in the
stress-strain curve, and consequently on the Bingham’s parameters, then the ones
observed for the 0.050% of MCC, as shown on Table 6-3.

. I . I T

750

Shear stress, Pa

—&— Ref

300 9— NOO10
—@— NOO25
—@— N0O40 -
150 ' ' '
0 10 20 30 40 50 60

Shear rate, s’

Figure 6-8 Shear stress versus shear rate curves of the samples with NFC

inclusion and the counterpart reference, at the age of 15 minutes.
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Figure 6-9 Apparent viscosity of the samples with different percentages of
NFC, at 15 minutes. The x-axis is interrupted from the shear rate 3 s-1 until 40 s-1
for highlighting where the difference was more perceptible.shows that the initial
(at 15 min) apparent viscosity values increased with the increase of NFC’s
presence on the cement paste. Some characteristics of the viscosity curves may be
mentioned as the fact that all values presented by the mixtures with NFC were
higher than the reference. However, the difference between the maximum and
minimum values was more significant for the samples with NFC, emphasizing the

steeper trend of decreasing the viscosity values after the initial measurement.
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Figure 6-9 Apparent viscosity of the samples with different percentages of
NFC, at 15 minutes. The x-axis is interrupted from the shear rate 3 s until 40 s

for highlighting where the difference was more perceptible.

Figure 6-10a and b show the yield stress and plastic viscosity of the samples
with NFC, respectively, over time. The initial (at 15 minutes) yield stress of the
samples with 0.000%, 0.010%, 0.025%, and 0.040% of NFC was 173.6, 237.4,
309.2, and 410.2 Pa, respectively. This represents an increase of the yield stress
value in 37%, 78% and 136% in comparison to the reference. Interestingly, the

test time decreased in 15 min as each increase of NFC percentage, representing


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

186

the progressively growing stiff of the paste. Similar to the reference, the yield
stress of each sample began to significantly increase after the first 60 minutes of

age, although at a higher rate than the reference.
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Figure 6-10 - (a) Yield stress and (b) plastic viscosity obtained from the
dynamic test. Samples without (reference) and with different amounts of NFC,

over time.
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The plastic viscosity development of the samples with NFC presented different
behavior between the variations of NFC. The N 0025 and N 0040 samples
reached their minimum viscosity value 15 minutes later than the reference.
However, the sample N_0010 presented a “viscosity plateau” between 45 min and
75 min, with a further significant increase of this parameter. The N 0040 did not
show the “recovery” of the viscosity value since the test duration was limited for
this variation.

It seems to be a consensus of the Literature on this topic that the cellulose
fibrils’ presence decreases the flowability of cementitious materials [4—10]. The

possible reasons for this behavior are discussed in the following sections.
6.3.2.3. Comparison between MCC and NFC effects

Figure 6-11 gathers the values of the Bingham’s parameters, namely yield
stress and plastic viscosity, of all variations here investigated. In this way, the
comparation between MCC and NFC effect is more straightforward. The results
include the first and final measurements common to all mixtures. Both cellulosic
materials increased the yield stress and plastic viscosity values. However, it is
perceptible that the NFC had a greater impact on the yield stress, resulting in
higher values of this parameter. The higher values obtained from the NFC-
reinforced mixtures mean that the paste became stiffer from a macroscopic point
of view. On the other hand, the MCC affected more the plastic viscosity,
promoting an even more expressive shear-thinning behavior than the NFC did.

Although the outcomes present similarity, namely higher yield stress and
viscosity, the mechanisms microscopically acting can be distinct for each
inclusion. As addressed in Chapter 2 (Section 2.2.1), the interaction forces
responsible for the rheological behavior of cementitious materials are affected by
the solid particles’ characteristics [16]. In addition, the hydration reactions
gradually change the flocculation configuration. When other solid components are
added to the system, they change the interparticle dynamic, besides integrating
their own characteristics. Thus, the morphological aspects of each cellulosic
material influence the resulting behavior. The interparticle interactions are usually
intensified when the particle size decreases [22,23], so the fact that NFC size
distribution is considerably smaller then MCC, see Chapter 3, should be already

taken into account on the assessment. Moreover, the shape and the surface area
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characteristics are related to how available the hydroxyls are for the hydrogen
bonds.

Obviously, one thing in common between NFC and MCC it is main chemical
constituent — cellulose — and the presence of the hydroxyl groups. The OH-
interactions with cement particles are usually claimed to be one of the possible
reasons for the increase of the shear stress. However, NFC and MCC present
distinct production processes (Chapter 2, Section 2.1), resulting in differences on
the functional groups [3]. Thus, although present in both materials, the OH-
interactions can unequally act on each system.

The hydrophilicity of the NFC plays an important role in the flow development
of flow behavior of the fresh cement mixtures. The flow behavior is highly
dependent on the w/c ratio since the suspension characteristics are related also to
the liquid part [16]. As more water the paste presents, more disconnected the
particles are, changing the flocculation degree. When NFC is added to the system,
the fibrils capture part of the mixing water, as demonstrated by the bleeding tests
in Chapter 4. Once there is less water available into the system, the solid
proportion increases, resulting in a closer cement-cement and fibrils-cement
linkages. The MCC is also hydrophilic, although their water retention capacity is
significantly lower than NFC’s.
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Figure 6-11 Comparison of the effect of both inclusions, NFC in blue and
MCC in green, on the rheological parameters: (a) yield stress and (b) plastic

viscosity, at 15 min and 75 min.

Although the morphological differences lead to unique water retention
capacities, one key difference between the dynamic behavior may rely on the
rheological properties of the gel itself. Figure 6-12 brings the shear stress versus
strain curve of the NFC gel. From the curve, the yield stress of the gel is 7.5 Pa. It
is possible to observe that the gel itself presents a shear-thinning behavior, as
constated elsewhere [10]. When added to the fresh mixture, the gel can bring part
of its stress resistance contribution. However, if first the fibrils mutually act with
the cement particles, this scenario evolutes with the development of the hydration

products.
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Figure 6-12 Shear stress versus shear rate curve of the NFC gel.

The yield stress can be taken as the minimum shear stress required so the
material start to flow. As mentioned, both MCC and NFC presence into the
mixture increased this parameter, but with even higher values presented by NFC-
reinforced ones. The basic mechanisms behind this behavior are based on the
cellulosic morphology. The NFC presents a significantly higher value of water
retention capacity, affecting mostly the local w/c ratio. This feature makes that the
cement particles and the solids fibrils are closer to each other, intensifying their
interactions. In addition, the NFC’s long fibrils can be easily entangled, and the
formed network can be more effective on the increasing of the energy required to
start the flow than the clusters probably formed by the MCC.

How difficult it is to break the colloidal system is represented by the plastic
viscosity. Since the cellulosic inclusions increased the shear stress at all shear
strain values, it is acceptable to relate part of the viscosity increase to the higher
shear stress. Although both MCC and NFC inclusions led to an increase of this
parameter, the plastic viscosity reached higher initial and final values on the

mixtures with MCC. The entangled mesh promoted by the NFC long fibrils that
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represented an obstacle to initiate the flow, at high values of shear rate they could
have been dissolved. The fibrils are flexible, and they could also be oriented to the
flow direction, instead of opposing to it. Moreover, it is possible that with the
shear rate history given, the NFC could have started to release some of the
retained water.

Another possible reason for the viscosity attenuation is the entrapped air [8].
The higher porosity profiles showed in Chapters 3 and 4, especially for the
specimens reinforced with NFC, can mitigate the viscosity gain by releasing the
air present in the fresh mixtures. The air does not represent a barrier to the applied

shear.
6.3.3. Static

The percentage variations of MCC and NFC considered on the static regime
were the same as the ones presented in the dynamic tests. The results presented in
this section are the average of at least two replicates, and they did not show a
deviation value of more than 6%. One extra section to discuss the role of the water

present in the NFC gel is addressed.
6.3.3.1. MCC

The evolution of the static yield stress (SYS) over time is showed in Figure
6-13. It is possible to observe that there is a gain in the SYS with time, as
expected since the evolution of the hydration reactions promotes a stiffer matrix.
In comparison with the reference, the MCC promoted a stiffer matrix on the
mixtures with high addition of MCC. Taking the reference as a baseline, there is a
significant difference between the low and high MCC addition ranges. The low
addition of 0.050% of MCC led to inferior SYS values at every age of the paste.
While the addition of 0.500%, 0.750% and 0.100% cause a progressive increase
of the same parameter. This result was closer to the one observed in the flow table
tests, where there also was a distinction on the behavior between the low and high
additions of MCC. The flow table test and the static test (CSR) are obviously
more similar to each other than when the dynamic is considered due to the shear
movement. At this stage, it is possible to perceive the steric stabilization effect

manifestation, which is commonly used to explain the behavior of dispersing the
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cement particles [10,24,25]. Above the addition of 0.500% of MCC, the increase
of the SYS value is visible, and one can attribute this effect to the interactions

promoted by the MCC particles to the cement-water-MCC system.
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Figure 6-13 The evolution of the static yield stress (SYS) over time for the

mixtures with MCC (in green), and the reference (in black) for comparison.

Comparing to the nanocrystals effect, the MCC addition presented a non-
monotonic behavior on the static regime, showing some discrepancy between the
low and high addition ranges. When this behavior is observed, it usually indicates
that there are two competing forces. In this case, the electrostatic repulsion known
as steric stabilization effect, and the MCC agglomerates forming clusters. At a
low percentage, the dominant effect is the steric stabilization; at high percentages,
the interactions promoted by the -OH groups and the formation of MCC clusters
prevails. By the results obtained from the table test analysis in Figure 6-4, the
threshold percentage between the two effects’ predominance is 0.100%. Figure

6-14 shows a scheme of the scenario.
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Figure 6-14 - Scheme of the non-monotonic effect of MCC inclusion on

static rheological behavior of cement pastes.

Despite the superior SYS values reached by the MCC-reinforced samples, after
35 min there is a decrease on the stress rate gain. This trend was followed for all
mixtures with high addition of MCC, as indicated also by the Athix index value
showed in Table 6-4.

6.3.3.2. NFC

The static yield stress (SYS) values reached by the samples with NFC at
different ages are shown in Figure 6-15. Different from the MCC’s results (Figure
6-13), every inclusion percentage of NFC led to an increase of the SYS at all ages
analyzed. The inclusion of 0.010%, 0.025% and 0.040% of fibrils increased the
initial, at 20 min, SY'S in 28%, 64% and 103%, respectively.

Similar to the MCC-reinforced mixtures, there was a reduction of the SYS rate
gain at 35 min on the samples with 0.010% and 0.025% of NFC. The N_0040
trend was more distant from a straight line. There was no improvement of the
parameter Athix calculated from the Russel’s model, as displayed by the Table
6-4. From the initial stress values also showed in Table 6-4, the acting mechanism
that were responsible for the improvement of the dynamic parameters discussed in
section 3.1.3 are still active on the static state. However, the inferior values of the
Athix parameter can indicate that further in time, the water retained by the NFC
hydrophilic and nanofibrillated structure could be released again in the system.

This can result in the lower SYS gain rate. The Athix values were only inferior
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due to the measurement taken after 30 minutes. In addition, the effect of the NFC
on the mineral skeleton development investigated by means of ultrasonic pulse

velocity (Chapter 5), showed that the fibrils alter the hydration evolution.
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Figure 6-15 The evolution of the static yield stress (SYS) overtime for the

specimens with NFC (in blue), and the reference (in black) for comparison.

If one compares the ability of enhancing the structural build-up based on the
SYS values, it is clear that the use of NFC was more efficient in comparison to the
MCC’s one. Furthermore, the initial stress values were significantly higher on the

NFC-reinforced samples, indicating the stiffer condition.
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Table 6-4 Structural build-up parameters calculated based on Roussel’s

model [15].

Roussel’s model
Initial

Mixture Athix
] stress,
Pa/min
Pa

35 Ref 8.7 79.6
35M_0050 71 96.6
35M_0500 7.3 184.9
35M_0750 53 270.0
35M_1000 59 300.8
35N_0010 8.0 166.9
35N_0025 53 3194
35N_0040 7.9 366.3

6.3.3.2.1. The water in the NFC gel

Through the development of each Chapter of the present work, the amount of
water that was effectively available as mixing water on the mixtures with NFC
was a matter of discussion. A brief investigation on the effect of the water present
on the NFC gel is presented, based on two different water-to-cement ratios, 0.35
and 0.40. For this purpose, only the percentage of 0.025% of NFC was
considered. The two additional mixtures used for this objective were designed as
follows:

- Ref LW: when the water present in the gel is subtracted from the
composition, there is an assumption that the rheological changes are
only due to the water retention.

- N 0025 EW: the presumption is that the water present in the gel does
not contribute to the mixing water of the original mixture.

The composition of each mixture can be found in Table 6-1. Figure 6-16a
brings the results of the variations with w/c equals to 0.35. At this w/c level, when
the amount of water present in the gel was suppressed from the total water, sample
35 Ref LW, the SYS development was comparable yet lower to the effect of
adding 0.025% of NFC (sample 35N _0025). For 35N _0025 EW variation, there
was an increase in SYS values compared to the reference. Those results indicate
that the retained water is a possible prevailing factor of the rheological behavior of

the mixtures with NFC. Nevertheless, the SYS wvalues presented by
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35N _0025_EW suggest that there is another effect besides the water present in the
gel that contributes to the rheological effect of the NFC. Based on the Literature,
one can attribute it to the fibrils’ interactions with the cement particles and also to
the fibrils entanglement [4,8,26].

It has been already observed that the water retention ability of the cellulose
fibrils depends on the w/c ratios, as shown by the bleeding results on Chapter 5.
With that in mind, the w/c equals to 0.40 was included in the investigation. The
results are shown in Figure 6-16b and it shows a significant difference on the
values obtained in comparison to the 0.35 ratio. When the water in the system is
increased, it seems that the effect promoted by the water present in the gel loses
its intensity. This is shown by the values distance between 40N 0025 and
40 Ref LW samples. In this case, the results suggest that the effect of the fibrils
is overriding the water retention’s one.

The objective of this section was to shed light on whether the water present in
the gel is fully available as the mixing water. The results brought throughout the
present work has shown that it depends mainly on the w/c employed. When
combining the proper w/c, as discussed in Chapter 2, to a specific NFC

percentage, one can achieve promising results regarding the rheological stability.
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Figure 6-16 The static yield stress (SYS) evolution for samples with
0.025% of NFC, considering the changes on the water amount. Samples with w/c

ratio of (a) 0.35 and (b) 0.40.

For a matter of illustration, Figure 6-17 brings a comparison of how the
inclusion of only 0.025% of NFC gel impacts the cement pastes of different

water-to-cement ratios.
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Figure 6-17 Cement pastes of different w/c, namely 0.35 and 0.40,
submitted to the flow tablet test after the strokes..

6.4. Conclusions

Regarding the findings about the use of MCC and NFC on the dynamic and

static rheological behaviors of cement pastes it is possible to draw the following

conclusions.

The inclusion of both MCC and NFC led to an enhance of the shear
stress at every level of strain rate from the hysteresis loops applied. For
the MCC-reinforced specimens, this effect was more pronounced on
additions higher than 0.500%.

The two cellulosic inclusions resulted in strengthening of the shear
thinning behavior, where both apparent and plastic viscosity values were
higher as more cellulose micro and nanofibers were into the paste.

The values of the Bingham’s parameters, namely yield stress and
viscosity, were also increased in the presence of MCC and NFC. The
main difference was that the NFC inclusion had a more significant effect
on the yield stress whereas the addition of MCC on the viscosity.

The steric stabilization effect was observed on the static and on the flow

table tests for additions under 0.500% of MCC.
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- The initial, at 20 min, SYS value increased from 250 Pa to 405 and 509
Pa upon the addition of 1.00% of MCC and 0.04% of NFC, respectively.
Nevertheless, the MCC and NFC presence led to a slight decrease in the
Athix parameter value.

- There were indications that the water present in the gel is only partially
available as mixing water, being one of the factors that affects the
rheological behavior of the NFC-reinforced pastes. Besides that, the
fibrils entanglement and agglomeration also influence the dynamic and
static rheological response. Those effects depend on the w/c analyzed.

It is important to remember that all investigations conducted considered very
different amounts of MCC and NFC. The MCC range was from 0.050% to
1.000%, while NFC comprehended 0.010% to 0.040%. On top of the possible
factors that affect the rheological behavior of the pastes, the NFC gel itself

presents a shear thinning behavior, with yield stress of around 7.5 Pa.
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7. Conclusions and suggestions

7.1. Conclusions

The present thesis was designed with the purpose to contribute to some of the
gaps found in the Literature regarding the effect of micro and nanocellulose fibers
on several properties of cement pastes. The following conclusions were drawn.

Although MCC and NFC are cellulose-based materials provided from the same
source i.e., natural fibers, their morphologies and properties are quite distinct.
Thus, based on a mechanical approach and considering workability issues, a
specific mixing protocol was developed for each type of inclusion. It was selected
the sonication as the most suitable dispersion method for MCC and the use of
superplasticizer as a way of facilitating the mixture of NFC. The optimal
percentage of MCC inclusion of 0.75% wt. led to an increase in flexural strength
by five times. The optimal percentage of inclusion of NFC was 1.00% wt. and
resulted in an increase of three times the flexural strength. The use of
superplasticizer on the NFC-reinforced specimens allowed to enhance the increase
of the flexural parameters to the same level of the improvements promoted by the
MCC. The first microstructural and chemical analysis suggested that MCC
changes the microstructure of the cement pastes while the nanofibrils may act by
reinforcing their microstructure.

At the microstructural level, neither the MCC nor the NFC had a significant
influence on the hydration aspect, at least not as expected. On the other hand, the
inclusion of both micro and nanocellulose modified the size pore distribution of
the cement pastes, but not necessarily decreased the porosity. However, the
improvements observed regarding the mechanical properties, namely flexural and
tensile stresses, were indeed meaningful. The reinforcement capacity was better
explored by means of a newly developed direct tensile test that allowed the
comparison of specimens of similar geometry. The inclusion of 0.075% of MCC
and NFC increased the tensile strength in 70% and 76%, respectively. Those

results were superior to the ones regarding the flexural strength. Taking into
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consideration the results generated by Chapters 3 and 4, it is more probable that
MCC and NFC act by reinforcing the cement pastes than improving their
hydration.

The investigations brought in Chapter 5 showed that a combination of a proper
w/c and a specific NFC content shall lead to a positive effect regarding the
mitigation of autogenous shrinkage deformation. The inclusion of 0.050% of NFC
into specimens of w/c equals to 0.30 decreased in 36% de shrinkage at the end of
28 days. The total shrinkage was not significantly affected by the presence of
NFC. However, the addition of nanofibrils did result in an attenuation of the
autogenous expansion in the first hours. The bleeding test results showed how the
NFC’s water retention capacity measured in Chapter 3 actually work in the fresh
cement paste environment.

The study and discussion about the water retained by the nanofibrils initiated in
Chapter 5 proceeded in Chapter 6, with the static rheological tests. Those tests
indicated that the water present in the gel was only partially available as mixing
water. Thus, part of some behaviors observed throughout the thesis development
could be, in a low extent, a result of the lower actual water-to-cement ratio.
Nevertheless, the NFC fibrils do have an impact on the rheological behavior of
cement pastes, as well as MCC particles did. Both cellulosic inclusions increased:
the shear stress at every applied shear rate, the shear thinning behavior and the
Bingham parameters, namely yield stress and plastic viscosity. The NFC had
more influence on the yield stress, while MCC on the plastic viscosity. The effect
of steric stabilization of the MCC was verified for inclusions under 0.50% if
considering the static conditions. The shear thinning characteristic was also
verified on the NFC gel itself. The effect promoted by the NFC on the rheological
properties of cement pastes is much more pronounced than the one promoted by
MCC if one considers the percentage of inclusion. Generally, it took 1.000% of
MCC to reach similar modifications promoted by 0.040% of NFC.

7.2. Suggestions for future works

Although the findings presented in this thesis are relevant and are believed to

contribute to the Literature, there is still room for further investigations regarding
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the use of MCC and NFC in cementitious matrices. The following suggestions for

future works are made.

The investigation of how the MCC and NFC work under a carbon
dioxide atmosphere is essential for the entire comprehension of the
role of those materials as inclusions in cementitious materials.

In order to support the hydration analysis carried out in Chapter 4, a
test that considers the hydration kinetics 1i.e., calorimetry
investigations, should improve the knowledge in this matter.

The potential of TEMPO-oxidated NFC fibrils as reinforcement
shall be investigated with the addition of superplasticizer.

The role of NFC in shrinkage deformations should be further
investigated ignoring the water present in the gel as mixing water.
The investigation of the total and autogenous shrinkage behavior
upon the addition of MCC at high percentages, such as higher than
0.50%.

The mechanical reinforcement at microstructure level can be better
investigated by means of fracture mechanics tests. A starting point
regarding proper percentages of inclusions of MCC and NFC was
giving in Chapter 3.

Durability issues are often raised when dealing with materials
derived from natural sources. Although micro and nanocellulose are
expected to be more stable towards alkaline environments than
macro fibers, this should be investigated.

A composite with multi-scale reinforcement based on natural fibers,
with either MCC or NFC associated to a macro fiber, has a great

potential to  exhibit  excellent = mechanical  properties.


DBD
PUC-Rio - Certificação Digital Nº 1721350/CA


PUC-Rio- CertificagaoDigital N° 1721350/CA

Appendix A

Chapter 5 brought an intense investigation into the effect of NFC fibrils on
autogenous and total shrinkage behavior of cement pastes. As mentioned in
Section 5.1, there were preliminary tests performed on MCC-reinforced
specimens that led to the exclusion of them in the continuity of the tests. Those
results are presented in Figure A.l1. They are from sealed prisms specimens, so
they represent autogenous shrinkage tests. The water-to-cement ratio was 0.35.
The MCC percentages of inclusion investigated were: 0.025%, 0.050%, 0.075%,
and 0.100%, in weight. The rage of evaluated percentage was wider than the one
used on the NFC-reinforced tests so a proper screening of the potential of MCC as
shrinkage reducing agent could be evaluated. From the results presented in Figure
A-1 it was possible to observe that the inclusion of MCC did not promote any
reduction in the autogenous shrinkage deformation, at any age nor any trend that

indicated this possibility.
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Figure A.1 — Autogenous shrinkage deformation evolution for 28 days of

cement pastes with w/c equals to 0.35 and MCC inclusion.
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