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ABSTRACT

This thesis responds to the need for improving the overall performance of concrete
infrastructure to achieve longer service life, fewer cycles of repair, and reduced life-cycle
costs. Novel high-performance fiber-reinforced cementitious composites were developed,
which comprised high content (50%) slag by mass of the base binder as well as nano-silica
(NS) or nano-crystalline cellulose (NCC). In addition, nano-fibrillated cellulose
(NFC), and a novel form of basalt fiber strands protected by polymeric resins: basalt fiber
pellets (BFP), representing nano-/micro- and macro-fibers, respectively were incorporated
in the composites. The response surface method was used in the statistical modeling part
to evaluate the impact of key factors (NS, NCC, NFC, BFP) on the performance of 15
mixtures. The composites were assessed in terms of setting times, early- and late-age
compressive strength, flexural performance, and resistance to freezing-thawing cycles, and
the bulk trends were corroborated by fluid absorption, thermogravimetry and microscopy
tests. Moreover, selected high-performance composites were extracted from laboratory
testing and numerical optimization scenarios to access their suitability as a repair/overlay
option for concrete flatwork.

While the addition of BFP reduced the compressive and flexural capacity of the
composites by an average of 20% and 37%, respectively, after 28 days, the co-existence
of NCC and/or NFC alleviated this trend. Furthermore, all nano-modified composites with
multi-scale fibers showed notable improvement in terms of post-cracking flexural
performance (residual strength up to 7.9 MPa, and toughness up to 46.8 J) and resistance
to ingress of fluids (absorption less than 2.5%) and frost action (durability factor more than
90%. Generally, all composites selected for use as a repair/overlay option showed superior

qualities: high mechanical and durability properties, as well as mechanical compatibility



with substrate concrete. In particular, composites incorporating (up to 3.75%) NS and
(0.0375-0.1) NCC in slag-based composites, with (0.25-0.375) NFC and (4.5%) BFP,
which can be an effective option for flatwork toppings requiring balance between high-

strength, ductility and durability.
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Chapter 1: Introduction

CHAPTER 1: INTRODUCTION

1.1  Overview

Environmental challenges such as global warming and energy consumption usually
accompany the growth of concrete infrastructure, which is essential to ensure the continued
economic growth of different countries. In light of world strategies to deal with
environmental concerns, the concrete industry is experiencing pressing need towards
adopting sustainable approaches to reduce the carbon footprint and increase eco-efficiency
such as replacing cement with supplementary cementitious materials (SCMs) (Cheah &
Ramli, 2014; Sanchez & Sobolev, 2010). The performance of concrete infrastructure (e.g.,
bridge decks, pavements, runways, etc.) depends on various factors such as the rheological,
mechanical as well as durability properties of the used materials. Moreover, the exposure
conditions and loading configurations have a significant impact on the service life of
concrete structures. These interrelated parameters may result in the initiation and
propagation of cracks in concrete, and consequently affect its overall performance and
longevity (Safiuddin et al., 2018).

Brittleness, exposure conditions and loading configurations typically result in the
initiation and propagation of cracks in concrete, and consequently affect its overall
performance and longevity. Hence, numerous studies have been conducted to introduce
high-performance fiber-reinforced cementitious composites (HPFRCC) in which fibers are
a crucial component to control cracking and enhance tensile performance including post-
cracking behavior and ductility (e.g., Azzam et al., 2019a; Spadea et al., 2015; Kang and
Kim, 2011). HPFRCC can be employed in a suite of concrete applications such as

production of thinner and lighter structural elements, beam-column joints,
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retrofitting/strengthening of flexural sides of elements, toping of heavy-duty flatwork (e.g.,
parking structures), etc.

HPFRCC incorporating high-volume SCMs, such as slag, typically has improved
durability with the added sustainability benefits of preserving natural resources, reducing
energy consumption, improving air quality and offering a waste management option
(Mehta & Monteiro, 2014). However, there is still lack of confidence in using higher
volumes of SCMs in concrete among various stakeholders mainly due to performance
limitations including delay in setting time and slow strength development which adversely
affect construction schedules and hence projects’ budgets (e.g., Eco Smart Foundation,
2007). Due to their ultrafine nature, nanomaterials (size scale of 1-100 billionth of a meter
in any dimension) can vigorously speed-up the kinetics of cement hydration, impart
pozzolanic reactivity (nano-silica, nano-clay) and efficiently refine the pore structure in the
matrix (Sanchez & Sobolev, 2010). Their application in cementitious binders (nano-
modification) has shown great potential to mitigate the performance issues associated with
the use of higher volumes of SCMs and create innovative types of sustainable cement-
based products with superior performance. For instance, findings from previous studies
showed that addition of 1-6% nano-silica or 5-20% nano-calcium carbonate by mass of
binder has an accelerating effect on early-age properties (hydration, setting time and
strength development) of cementitious systems incorporating 30-50% fly ash or slag as a
cement replacement (e.g., Ghazy, Bassuoni, Maguire, et al., 2016; Bentz et al., 2012; Zhang
etal., 2012).

Macro-fiber reinforcement is usually used to enhance the cementitious matrices’
ductility through bridging of macro-cracks (Mexasa et al., 2011). Comparatively, nano-

and micro-scale fibers may interlink the cementitious matrix and successfully bridge the
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nano-/micro-cracks (Siddique & Mehta, 2014). For instance, numerous studies were
carried out to develop fiber-reinforced cementitious composites (FRCC) with improved
flexural performance such as post-cracking behavior and fracture toughness (Azzam et al.,
2019a; Spadea et al., 2015; S.-T. Kang & Kim, 2011; Hsie et al., 2008;).

Recently, it has been shown that cellulose-based nanomaterials [nano-crystalline
cellulose (NCC), and nano-fibrillated cellulose (NFC)] can improve the characteristics of
cementitious materials (Balea et al., 2019; Cao et al., 2016; Moon et al., 2011). These
sustainable and biodegradable nanomaterials have high surface area and aspect ratio, low
density, low thermal expansion coefficient, and low cost compared to other nanomaterials
[e.g., nano-silica, carbon nanotubes] (Sharip and Ariffin, 2019; Moon et al., 2011).
However, there is still dearth of information on the effect of cellulose-based nanomaterials
on different types of HPFRCC (e.g., high-strength types) and their interaction in the
mixtures with high volume SCMs or other types of fibers.

Basalt fibers have been used as a reinforcement in cementitious materials due to
their mechanical characteristics (strength up to 4,000 MPa, modulus of elasticity up to 100
GPa), non—corrosive nature, high thermal resistance and low cost compared to other types
of fibers [e.g., carbon, glass, steel] (Yi et al., 2021; J. J. Lee et al., 2014). However,
degradation of basalt fibers in alkaline media, such as cement-based matrices with high
pH, was reported due to reactions between the silicate component in the fibers and alkaline
pore solution, which had negative effects on strength and durability of the hardened
cementitious matrix (C. Jiang et al., 2014). Therefore, a novel form of encapsulated basalt
fiber strands in a protective polymeric resin (e.g. epoxy, polyamide, etc.) known as basalt

fiber pellets (BFP) has been recently introduced to mitigate this performance risk
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(Mahmoud et al., 2017). HPFRCC incorporating BFP may offer a viable option for a suite
of applications, which warrants focused research in this direction.

1.2 Need for Research

Concerted efforts at the University of Manitoba have led to the development of slag-based
(50%) cementitious composites modified with 6% nano-silica, meeting Category 1 high-
volume SCM concrete according to the Canadian Standards Association, (2019) and
reinforced with a novel class of non-metallic fibers [BFP] (Mahmoud et al., 2017). These
composites showed high-performance in terms of high strength and ductility as well as
high resistance to ingress of fluids, alkaline environments and frost action without/with de-
icing salts (Azzam et al., 2021; Azzam et al., 2022; Bedwiy et al., 2022). Yet, further
aspects such as other binder formulations based on sustainable nanomaterials and their
interactions with BFP still require exploration.

This thesis is part of an ongoing program led by the Cementitious Materials
Research Group at the University of Manitoba. It was conducted to investigate the
performance of these composites based on new binder formulations incorporating nano-
crystalline cellulose and nano-fibrillated cellulose, and their interactions with high-content
slag, nano-silica and BFP. The effects of these key parameters were evaluated by
experiments (fresh, hardened, and durability properties) and statistical modeling, which
were augmented by thermogravimetry and microscopy analyses. In addition, the
optimization of binder formulations with muti-scale fiber systems to address volume
stability, bonding and compatibility between these novel high-performance composites
with substrate concrete are still unknown. Hence, it was studied in this program. Data from

this thesis is essential to informatively assess the suitability and resiliency of these
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innovative composites for applications requiring balance of strength, ductility and
longevity (e.g., repair/overlay of flatwork).

1.3 Objectives of Research

The primary objectives of this master’s thesis are to develop novel HPFRCC and examine
their potential as a repair/overlay option for concrete flatwork applications. The precise
goals of this research are to:

e develop high-volume slag-based nano-modified cementitious composites
comprising BFP without/with nanomaterials (NS, NCC, NFC) and assess their
fresh, hardened, fluid transport properties and durability characteristics.

e capture the effect of key parameters of mix designs such as dosages of
nanomaterials (NS and NCC), and macro/micro fibers (BFP and NFC).

e introduce optimized scenarios for these composites and test their suitability for
repair/overlay applications of concrete flatwork.

1.4 Scope of Research

To achieve the aforementioned objectives, this master’s thesis was divided into two stages
as described below:

Phase I: slag-based cementitious composites incorporating nano-silica, nano-cellulose
material and basalt pellets.

In this phase, a statistical model was established to investigate the effect of
changing the proposed materials' dosages and combinations on HPFRCC performance. The
impact of mix design parameters on the performance of composites was assessed using the
Response Surface Method (RSM), which is based on Face-Centered Composite Design
(FCCD). Three factors were considered in the generated models: nanoparticles [NS (0 to

6% addition by mass of binder) and NCC (0 to 0.1% by mass of binder)], NFC (0 to 0.5%
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by volume of composite), and BFP (0 to 4.5% by volume of composite) dosages. These
parameters were examined at the model's factorial levels of 1 and -1, respectively. By
adding more points to the model's factorial set, this technique relies on increasing the
precision of forecasting the response space. In order to account for any potential quadratic
effects of each variable, a central point, at the intermediate level (0), for each component
was also incorporated in the constructed models. Hence, 15 mixtures were cast, and the
mixtures’ performance was assessed based on fresh properties (air content and setting
time), hardened properties (compressive strength and flexural behavior [pre-and post-
cracking at 28 days], as well as durability (absorption, freezing/thawing resistance), which
were augmented by thermogravimetry and microscopy analyses. Additionally, optimal
combinations for repair/overlay applications were found through the numerical
optimization scheme conducted herein.
Phase Il: nano-modified slag-based cementitious composites reinforced with multi-
scale fiber systems as a repair/overlay option

In Phase II, four selected HPFRCC mixtures, as well as two optimized mixtures
derived from the optimization scenarios in Phase | were extracted to investigate their
potential to be used as a repair/overlay option for concrete flatwork. The mixtures
contained a constant BFP dosage of 4.5% (by volume of composite) to attain the highest
flexural performance. Tests regarding fresh, mechanical, durability, and compatibility
properties were performed to ensure that the qualities of the selected mixture are complying
with the target application. The fresh properties included mortar flow, flow retention, air
content and setting time. The compressive strength development and flexural toughness of
the composites up to 28 days of curing were evaluated to assess the evolution of mechanical

capacity with time. The fluid transport properties and durability of the mixtures were
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assessed using rapid chloride penetrability test, and resistance to salt-frost scaling. To
assess the compatibility between substrate concrete and the HPFRCC, restrained shrinkage
and pull-off tests were performed.

1.5  Structure of the Thesis

This thesis consists of six chapters, described as follows:

e CHAPTER 1 contains introduction, main needs for research, significance of the
proposed work, objectives and scope of work.

e CHAPTER 2 provides comprehensive literature review on HPFRCC, the effect of
SCM in cementitious composites, the effect of using multi-scale cellulosic
products, and BFP effects on the performance of HPFRCC.

e CHAPTER 3 describes the adopted statistical modelling approach, methodology,
innovative materials, and mixtures used in the testing program. Also, it provides
comprehensive details of the test specifications and setups used in Phases | and I1.

e CHAPTER 4 includes the results and discussion of the statistical models developed
in Phase | and the fresh, hardened and durability properties of HPFRCC. Also, it
features a numerical optimization exercise to identify the mixtures used in Phase II.

e CHAPTER 5 presents the results and discussion of Phase Il on utilizing nano-
modified cementitious composites as a repair/overlay option for flatwork
applications to achieve balanced early-age and long-term performance.

e CHAPTER 6 includes conclusive summary of the major findings for the entire

thesis and lists the proposed recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

Today's concrete technology faces an unparalleled push toward maximizing eco-efficient
construction materials in light of Canadian policies for dealing with environmental
challenges such as natural resource depletion and energy consumption constantly
accompanying the growth of the concrete industry. In this context, the increased need for
high-performance materials resulted in the creation of a new generation of fiber-reinforced
cementitious composites, pushing the boundaries of multifunctional engineering qualities
that lead to increased eco-efficiency. This can help to reduce issues linked to its
manufacturing, structure, and producing high-quality output. In order to minimize brittle
failure and enhance the desired properties of concrete, fibers can be added to concrete to
enhance tensile strength, flexural performance, post-cracking behavior, and energy
absorption capacity. Some types of fibers are also included in concrete for structural
member repair, rehabilitation, and retrofitting. Incorporation of numerous natural and
synthetic fibers into cementitious composites have also been the subject of in-depth studies
across the world, and improvements in these materials are seen as crucial stages toward the
attainment of sustainable building developments (Balagopal et al., 2022).
2.1.  Overview of Fiber-reinforced cementitious composites (FRCC)
Fiber-reinforced cementitious composites (FRCC) are a group of materials made up of a
cementitious-based matrix that has been augmented with fibers. Fibers can greatly enhance
the mechanical characteristics of cement-based materials, such as tensile strength, ductility,
and impact resistance, making them more useful in a variety of concrete flatwork
applications, including construction, infrastructure, and transportation.

Cement, fine aggregate, and different types of fibers are the main components that
make up FRCC. Several different fiber types are used for both commercial and

8
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experimental purposes. The two categories of fibers that are now on the market include
fibers with a low elasticity modulus but a high elongation property, these types of natural
and synthetic fibers including nano-fibrillated cellulose, polyethylene, and polypropylene
tend not to increase stiffness, but they do increase strength and plastic shrinkage resistance
through different mechanisms. The other category of fibers with high elasticity modulus
such as steel, basalt, and carbon fibers are used primarily to increase the strength,
toughness, and stiffness of composites.

One of the most commonly used types of FRCCs is steel fiber-reinforced concrete
(SFRC). SFRC is known for its high strength, durability, and ability to resist cracking and
spalling. It is widely used on industrial floors, airport runways, and other heavy-duty
applications. Jhatial et al., (2018) found that the use of steel fibers in SFRC can improve
its compressive strength by up to 20% and its flexural strength by up to 20%. Another type
of FRCC is glass fiber-reinforced concrete (GFRC). GFRC is known for its high flexural
strength and ability to be molded into complex shapes. It is commonly used in architectural
cladding and decorative applications such as statues and fountains. The use of glass fibers
in GFRC can also improve its fire resistance, making it a suitable material for use in fire-
exposed areas. Polymer fiber-reinforced cementitious composites (PFRCs) are a class of
FRCCs that use synthetic fibers as reinforcement. These fibers are made of various
polymers such as polypropylene, polyethylene, and nylon. PFRCs are commonly used in
bridge decks, pavements, and other infrastructure projects.

Basalt fibers, a relatively new form of fiber, are presented to industry. Mined basalt
rocks must be heated to 1,400°C. After that, the molten rocks are forced out of tiny nozzles
to create continuous basalt fiber threads. They have great flexural properties, and thermal,

stability, and are environmentally safe as they are non-toxic fibers. lyer et al., (2015)
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investigated how the addition of basalt fibers at various sizes and doses affected the
mechanical properties of composites in a similar manner to composites reinforced with
steel fibers.

2.2.  High-Performance Fiber-Reinforced Cementitious composites (HPFRCC)
High-Performance Fiber-Reinforced Cementitious composites (HPFRCC) are the
evolution of FRCC and have gained popularity in the building sector in recent years. The
materials employed in HPFRCC are determined by the required properties and the
accessibility of suitable locally produced inexpensive substitute materials. Concrete is a
common building material that is often weak in tension and frequently prone to cracking
from different sources of deterioration such as impact loading and shrinkage cracks. To
resist fractures from spreading, multi-scaled discrete fibers can be incorporated into
concrete. Although there is more interest in using HPFRCC in concrete constructions, there
are some lingering questions about how fibers affect the characteristics of concrete.
Therefore, extensive studies in the last three decades were conducted to evaluate the
performance of HPFRCC including (Abtahi et al., 2010; Ardanuy et al., 2015; Azzam et
al., 2021; Mechtcherine, 2012; Zheng, 1995), which provides a wide range of knowledge
defining the main properties of HPFRCC.

Numerous HPFRCCs were developed to understand and control the behavior of
such composites. One of the key factors investigated was the mechanical properties of
HPFRCC composites incorporating single and hybrid fiber systems. For instance, Koksal
et al., (2008) investigated how steel fibers affected the compressive strength of FRCC
incorporating silica fume. Three different percentages were employed to examine the
effects of silica fume, including 5, 10, and 15% with two different fiber contents: 0.5 and

1.0%. According to this study, the compressive strengths of steel FRCCs with 15% silica
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fume increased up to 118%, when 1% steel fiber content was added compared to the control
specimen.

The inclusion of steel fiber composition and mineral admixtures into high-
performance concrete (HPC) and the behavior of composites was monitored by Kaikea et
al., (2014), where 10% and 20% by weight of cement, respectively, silica fume and blast-
furnace slag were employed as two different types of mineral admixtures. A commercially
employed steel fiber was also incorporated into the mixture. The compressive strength of
HPC was significantly impacted by the presence of steel fiber. The compressive strength
of the mix with 20% slag increased by around 30% as a result of the inclusion of 2% steel
fiber content.

Another study that utilized a combination of 0.25% palm fiber, or a combination of
0.5% palm fiber and synthetic fiber with steel fiber (total fiber content of 2%), was found
to be highly effective in enhancing the elastic modulus of concrete. These fiber
combinations resulted in a 44% and 52% increase, respectively, in the static modulus of
elasticity of concrete. This can be attributed to the stronger bond development between the
matrix and the fiber fraction (Kayali et al., 2003, Nataraja et al., 1999).

2.3. Role of Supplementary Cementitious Materials (SCM) in Cementitious
Composites

In general, supplementary cementitious materials (SCMs) such as ground granulated blast
furnace slag (GGBFS), fly ash, and silica fume (SF) are added to concrete to improve the
mechanical and durability properties of cementitious composites (He et al., 2018; Jang et
al., 2017; Heidari & Tavakoli, 2013), in addition to cost reduction and improvement of the

workability of fresh concrete.
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In order to develop HPFRCC, it is crucial to have a thorough understanding of how
the matrix and fibers interact, as well as the different traits of such composites, in order to
control the composite's behavior. Therefore, researchers have explored the impact of
incorporating various supplementary cementitious minerals in cementitious composite
mixtures to enhance the matrix. The most commonly used minerals are fly ash and slag
(Yang et al., 2007). Zhu et al., (2012) investigated the use of 70% mineral admixtures,
including fly ash and ground granulated blast furnace slag. The results showed that the
combination of mineral admixtures in high-performance cementitious composites (HPCC)
can achieve the necessary strain-hardening performance as well as a tensile strain capacity
of over 2.5% after 90 days. In addition, the combination of slag and fly ash was found to
significantly increase the compressive strength, particularly at early stages. For example,
the compressive strength of the mixture with 40% fly ash and 30% slag was 45% and 60%
higher compared to the mixture with only 70% fly ash as the total binder.

The impact of GGBFS on the mechanical strength depends primarily upon the type,
fineness, activity index, and proportion of slag used in the concrete (Mohamed, 2019; Islam
et al., 2014). In general, slag-blended concrete develops lower strength at the initial curing
period, i.e., 1-5 days, when compared to control concrete. However, a gradual increase in
strength can be observed after 7 and 28 days (Samad & Shah, 2017). The incorporation of
GGBS in cement paste helps to transform the larger pores into smaller pores, resulting in
a decrease in the permeability of the concrete. It has been reported that this reduction of
permeability is achieved due to the replacement level of slag increasing from 40 to 65% of
the total cementitious material (Gruyaert et al., 2013). The vyielded results may be
influenced by factors such as curing temperature, curing time, and the ratio of water to

binder (Castellano et al., 2016). It has been found that maintaining a water-to-binder ratio
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of 0.30 can enhance the strength of GGBFS blended cement concrete with a 40% cement
replacement level.

In terms of durability, partial replacement of cement by GGBFS could decrease
permeability, and enhance water transport properties of cementitious composites. Also, it
could increase resistance to freeze-thaw cycles, chloride penetrability, and expansion.
Incorporation of GGBFS with adequate curing methods and periods resulted in the
formation of a dense and impermeable microstructure (Ke et al., 2017). Adding GGBFS to
cement paste helps to make the pores in the concrete smaller, which leads to a decrease in
its permeability (N. K. Lee & Lee, 2013). Research has shown that this effect is achieved
when the amount of slag used as a replacement increases from 40 to 65% of the total cement
material (Teng et al., 2013). Concrete with granulated slag may require a reduced concrete
cover to protect reinforcing bars from corrosion. Studies have also shown that slag concrete
has comparable resistance to freeze-thaw actions compared to conventional concrete
(Wawrzenczyk et al., 2018). Studies by Bakharev et al., (2001) and Khan & Sarker, (2019)
have found that using GGBFS in alkali-activated concrete reduces expansion when
compared to regular concrete, likely due to a lower calcium/silicate ratio and higher
aluminate/silicate ratio.

2.4.  Role of Nanoparticles in Cementitious Composites

Despite the ecological and engineering benefits of SCMs in concrete, the use of SCMs as
a cement replacement in cementitious composites is typically limited to dosages between
15 or 20%. The slow rate of strength gain and microstructural development at early-age are
considered to be the major issues that deter its wider use and acceptance (Malhotra et al.
2000). However, these performance limitations associated with the use of slowly reactive

pozzolans (e.g. GGBFS) can be mitigated by incorporation of nanoparticles (size scale of
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1-100 billionth of a meter) in concrete (Said et al. 2012). Nanoparticles (e.g. nano-silica)
have been applied in concrete research and proven to enhance fresh and hardened
properties by modifying the structure of the cementitious matrix at the nano and micro
levels (Ghazy et al. 2016; Said et al. 2012). Therefore, their application in concrete may
have a greater potential to produce innovative types of cementitious composites with
superior performance in harsh environments.

Nano-silica can accelerate the hydration of cement by creating additional surfaces
for early precipitation of hydration products (Hou et al. 2013; Korpa et al. 2008). Also, it
has been shown that commercial nano-silica sols (originally dispersed to their primary
sizes) form small enough agglomerates to impart a filler effect in the cementitious matrix
(Oertel et al. 2013; Kong et al., 2012). All these factors might have contributed to
improving the early-age strength (up to 7 days) of nano-modified cementitious matrix even
for mixtures incorporating high dosages of SCMs.

2.5.  Cementitious Composites Reinforced with Basalt Fibers

In recent years, cementitious composites reinforced with basalt fiber have drawn more
interest as a viable substitute for conventional reinforced concrete. Basalt fibers, which are
made of volcanic rock, have desirable qualities including high tensile strength and great
chemical resistance that are similar to those of conventional glass fibers. Basalt fibers, on
the other hand, are more eco-friendly because they come from a naturally available
resource and don't require the high energy usage needed to produce glass fibers.

Studies have shown that basalt fiber pellets can enhance cementitious composites'
mechanical qualities, such as tensile strength, flexural strength, and toughness. For
instance, according to studies by lyer et al., (2015) and C. Jiang et al., (2014), basalt fiber

pellets added to concrete enhanced its tensile strength by up to 25%. Another study by
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Jalasutram et al., (2017) discovered that adding basalt fibers increased the flexural tensile
strength by 75% and toughness was increased by three folds with reference to normal
cement-based composites.

In addition, it has been demonstrated that basalt fibers enhance cementitious
composites' durability. For instance, Branston et al., (2016) and Ghazy, et al., (2016)
employed basalt fibers to increase composite’s resistance to shrinkage and crack formation.
The results demonstrated that basalt fibers were successful in efficiently preventing cracks
formation by minimizing free shrinkage and limiting the propagation of developing cracks.
Zhao et al., (2017) studied the resistance of composites incorporating basalt fibers to impact
failure after exposure to freezing and thawing cycles. It was found that basalt fiber tripled
the resilience of composites to initial crack development from inbound damages and cyclic
exposures to frost actions.

The use of basalt fiber pellets in cementitious composites also offers potential
environmental benefits. As previously mentioned, basalt fibers are derived from a natural,
abundant resource and do not require the high energy consumption necessary for glass fiber
production. In addition, this can potentially reduce the carbon footprint of the concrete
industry and efficiently contribute to the Canadian 2050 net-zero Emissions plan.

2.6.  Role of Nano - Cellulosic Fibers and Crystals in Cementitious Composites

Bacterial nanocellulose (BNC), nano-fibrillated cellulose (NFC) (also known as cellulose
nanofibrils, micro-fibrillated celluloses), and nano-crystalline cellulose (NCC) are the
common types of Nanocelluloses. The first group is made biotechnologically by bacteria;
the second group is made mechanically; and the third group is made chemically by
hydrolysis treatments (Klemm et al., 2018). Delamination in high-pressure homogenizers,

microfluidizers, and other equipment produces nanofibrils. To make the operation go more
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smoothly and avoid clogging the equipment, different procedures can be used to pre-treat
plant material such as charged groups' electrostatically driven swelling, oxidative
treatments, carboxymethylation, peridine-1-oxyl reagent TEMPO, and mild acids or
enzymatic treatments (Klemm et al., 2018).

Cellulose is biodegradable, renewable, and non-petroleum-based; therefore, it has
a strong environmental appeal. These properties are critical in the civil construction sector,
which consumes a lot of natural resources and produces a lot of CO». As a result, the use
of NFC in cementitious matrices can help to make construction products more
environmentally friendly.

It's important to know that NFC is referred to by several terms in the literature.
Nanofibrils, microfibrils, nanofibers, nanocellulose, micro fibrillated cellulose, and
cellulose nano fibers. However, the names nano-fibrillated cellulose and micro-fibrillated
cellulose (MFC) are not interchangeable. Fibers with lower sizes (between 4 and 20 nm)
are usually termed as NFC and bigger diameters (between 10 and 100 nm) are termed as
MFC during the defibrillation process. However, this distinction is not always taken into
account, and both names are used interchangeably in the literature, which may lead to
a misunderstanding (Guimarées et al., 2015; Moon et al., 2011). Biodegradability, high
surface area, high surface area/volume ratio, big aspect ratio, better mechanical
capabilities, low thermal expansion coefficient (Guimardes et al., 2015), low density, and
inexpensive price when compared to other inorganic nanofibers (Sharip & Ariffin, 2019b)
have all piqued people's interest in NFC.

Nanocellulose has been shown to drastically alter the characteristics of
cementitious materials, and it has the potential to be employed for a variety of applications

(Balea et al., 2019Db; Cao et al., 2016b). If a sufficient dose is utilized, Nanocellulose can
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be employed to improve the mechanical characteristics of cementitious materials
(Akhlaghi et al., 2020; Mazlan et al., 2020; Barnat-Hunek et al., 2019; Hisseine et al.,
2019). It should be noted; however, that if a large dose of nanocellulose is utilized,
agglomeration may develop, compromising mechanical qualities. In such circumstances, a
dispersion procedure (e.g., sonication) for nanocellulose is required to increase its
influence on mechanical characteristics (Cao et al., 2016b).

In addition, the right dose of Nanocellulose can minimize cementitious material
shrinkage, especially when the water-to-cement (w/c) ratio is low (H.-J. Lee et al., 2019).
The agglomeration of Nanocellulose generated by a large dose may have a detrimental
impact, similar to the effect on mechanical qualities in this case an increased shrinkage will
be experienced. Nanocellulose also has a variety of additional uses, including increasing
the ductility of strain-hardening cementitious composites (Hisseine & Tagnit-Hamou,

2020).

2.6.1 Structure of Nano Fibrillated/Crystalline Cellulose

To understand the structure of cellulose, Fig. 1.1 (a) illustrates how cellulose is made up
of a linear chain with two molecules of anhydroglucose joined together by an oxygen atom
covalently attached to the C1 of a glucose molecule and the C4 of the neighboring
molecule. The microfibrils (elementary fibrils) are formed when different chains connect

via hydrogen bonds and van der Waals forces.
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Figure 2. 1: Schematics of (a) single cellulose chain repeat unit, (b) cellulose
microfibril showing the crystalline and amorphous regions ((adopted from Eyley and
Thielemans 2014), and (c) cellulose nanocrystals after acid hydrolysis dissolved the

disordered regions (adopted from Moon et al. 2011).

This type of link is known as b-1-4 glycosidic, and the basic unit can be repeated
10,000 to 15,000 times. Furthermore, the linear cellulose chain is stabilized by hydrogen
bonds formed between hydroxyl groups and oxygen from nearby glucose molecules (Moon
et al., 2011). As shown in Fig. 2.1 (b), NFCs contain crystalline and amorphous regions.
The crystalline areas are made up of cellulose chains that have been aggregated by a
complicated network of hydrogen bonds and van der Walls forces that keep them stable.
Amorphous zones are caused by faults in the structure caused by alterations in the
aggregation process (Lavoine et al., 2012; Habibi et al., 2010). Acid hydrolysis can
eliminate these amorphous areas, resulting in the production of nano-crystalline cellulose

(Eyley & Thielemans, 2014), as illustrated in Fig. 2.1 (c).
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2.6.2 Effect of NFC/NCC on Mechanical Properties

NFCs have been effectively employed to improve the mechanical characteristics of
cement-based composites. For instance, Peters et al., (2010) utilized commercial NFC
(Sigmacell 101) to study the fabrication of reactive powder concrete. By weight of cement,
the NFC content was 1%, 3%, and 5%, respectively. When compared to the non-reinforced
material, the reinforcement of 3% of MFC resulted in a little improvement in tensile

strength and a 50% increase in fracture energy (Fig. 2.2).

Stephenson (2011) tested ultra-high-performance concretes with NFC levels of 0.1,
0.5, and 1.0 % (by weight of cement) and found that the 0.5 % NFC offered the best fracture
qualities and greatly reduced shrinkage at the early ages of the composites. In this study,
the compressive strength was not affected by the NFC concentration, since only minor
improvements in this mechanical attribute were seen in compression testing. Santos et al.,
(2021) employed NFC in cement pastes with diameters ranging from 20 to 100 nm
(concentrations ranging from 0.10 % to 0.40 % by volume of cement). They discovered
that adding 0.15 % NFC by volume of cement with a water-cement ratio of 0.50 increased

compressive and flexural strength by 20% and 15%, respectively.

19



Chapter 2: Literature Review

200—————F 71 T
- Unreinforced
/ 3% microcellulose reinforced
2 1,000
o
-
500 H-

0 0.05 0.1 0.15 0.2
CMOD (mm)

Figure 2. 2: Load—deformation curve of specimens with and without NFC
(adopted from Peters et al., 2010).

Onuaguluchi et al., (2014) utilized NFC with sizes ranging from 5 to 10 nm and
General Use Limestone (GUL) cement. By weight of cement, NFC was 0.05 %, 0.1 %, 0.2
%, and 0.4 %. The addition of merely 0.1 % NFC resulted in the greatest gain in flexural
strength by 106% (Fig. 2.3). The thermal, mechanical, and microstructural characteristics
of pastes containing NFC were investigated by Mejdoub et al., (2017). To ease
defibrillation and improve NFC dispersion within the cement matrix, the cellulose fibers
were subjected to a TEMPO-mediated oxidation pre-treatment. As reported by
Onuaguluchi et al., (2014), the diameters obtained ranged from 5 to 10 nm. By weight of
cement, the NFC concentrations of the pastes were 0.01 %, 0.05 %, 0.1 %, 0.2 %, 0.3 %,
and 0.5 %. The inclusion of 0.3 % NFCs resulted in a matrix that was denser and had less
porosity. As a result, the addition of 0.3 % NFC resulted in the greatest improvement in

compressive strength (43 %) (Fig. 2.4).
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Figure 2. 3: Flexural strength after 28 days (adopted from Onuaguluchi et al.,
2014)
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Figure 2. 4: compressive strength for cement pastes reinforced with different
NFC dosages (adopted from Onuaguluchi et al., 2014)
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Sun et al., (2016) introduced NFC to oil well cement pastes in concentrations
ranging from 0.04 % to 0.28 % (by weight of cement) and found that the 0.04 % NFC
content offered the greatest flexural strength enhancement, where it increased by 20.7%.
The addition of NFC to low-alkali cement was explored by Hoyos et al., (2019). The NFC
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manufacturing method produced a limited number of fibers with sizes greater than 100 nm
and the majority of fibers with diameters less than 100 nm. NFC was added to cement
pastes at concentrations of 0.1 %, 0.2 %, 0.3 %, and 0.4 % by weight of cement. In the
combinations containing 0.4 % NFC, there was a greater degree of hydration. Claramunt
et al., (2019) investigated the impact of various NFC and NCC concentrations (varying
from 0.1 to 0.8 % by weight of cement) on calcium aluminate cement (CAC) and ordinary
Portland cement (OPC) matrices. NFC sizes ranged from 25 to 500 nm, whereas NCC
diameters also ranged from 25 to 500 nm. The authors discovered that minor additions of
0.1 % and 0.2 % nanocelluloses resulted in the greatest gains in flexural strength of 28%.
Reixach et al., (2019) made cement pastes with varying amounts of lignocellulosic
micro/nanofibers with diameters of around 28 nm (0.0 %, 0.5 %, 1.0 %, 1.5 %, and 2.0 %
by weight of cement). Flexural strength was measured after 7, 14, and 28 days on the
specimens. All of the doses studied resulted in increased flexural strength, according to the
authors. At 28 days of curing, the larger improvements (25%) occurred for nanofiber
concentrations of 1.0 % and 1.5 %. This high dosage can be attributed to the usage of small-
sized NFC with respect to other papers. Kamasamudram et al., (2021) recently explored
the possible application of several types of NFC (pure NFC, silica-coated NFC, and lignin-
containing NFC) for increasing the mechanical performance of cement pastes. In all of the
case situations, a constant concentration of NFC of 0.1 % (by weight of cement) was
applied. The cement pastes' 90-day compressive strength was not affected by pure NFC or
lignin-containing NFC, but the silica-coated NFC offered a 13 % strength improvement.
Furthermore, pure NFC increased flexural strength by up to 70%, followed by lignin-
containing NFC (increases by up to 40 %). However, the flexural strength of the cement

pastes was not significantly improved by silica-coated NFC.
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Santos et al., (2021) examined the mechanical characteristics of cement-based
composites with NFC levels ranging from 0.01 % to 5.00 % (by mass of cement). The
lowest NFC concentration was 0.01 % (by mass of cement), resulting in a minor reduction
in the porosity of cement-based products and a modest increase in compressive strength.
However, an analysis of the experimental results shows that the value of various
mechanical properties (e.g., compressive strength, tensile strength, flexural strength,
modulus of elasticity, and so on) tends to increase as the NFC content increases, despite
the fact that excessive NFC dosage will reduce the mechanical performance of the cement-
based composites due to inhomogeneous dispersion and detrimental agglomeration of
nanomaterials. The maximum amount of NFC supported by cement-based materials was
5.00 % (by mass of cement), according to the present literature. NFC content was observed
to frequently lead to inadequate workability. Furthermore, the best mechanical qualities
were found when the NFC concentration was between 0.10 % and 3.00 % (by mass of
cement), according to the research. The varied mix proportions, NFC features, techniques
of NFC dispersion, type and concentration of dispersing agents, and attributes of the raw
materials utilized to make the cement composites are the key causes for the varying optimal
NFC contents reported in these investigations. NFC produced the most substantial
mechanical benefits by increasing compressive strength by 43 %, flexural strength by 106
%, modulus of elasticity by 5%, flexural modulus by 71 %, and fracture energy by 50 %.
The next part provides a full explanation of the mechanics that underpin these

enhancements.
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2.6.3 NFC/NCC effect on durability

To determine the durability of cement-based composites containing NFCs, some
researchers investigated their resistance to physical attacks (freezing and thawing) (Barnat-
Hunek et al., 2019), accelerated aging (Claramunt et al., 2019; da Costa Correia et al., 2018;
Ardanuy et al., 2012), and resistance to chloride permeability of such composites
(Goncalves et al., 2020).

Diffusion, capillary suction, permeation, and convective flow are all involved in
the penetration and transport of soluble chlorides into concrete and are linked by the coarser
capillary pore structure (i.e., 10 nm to 10 m) (Jennings et al., 2002) and/or microcracks
within the system (Cao et al., 2019; Al-Saleh, 2015; Mitchell et al., 2012). A portion of the
chloride is physically absorbed by the calcium silicate hydrate, C-S-H gel, during this
movement. The tricalcium aluminate, C3A, and the tetra calcium alumina-ferrite, C4AF,
are chemically linked to the calcium aluminate compounds of cement, creating
chloroaluminates, or Friedel's salt. Steel rebar corrosion is thus limited to the freely existent
parcel of dissolved chloride ions in the aqueous phase of cement-based systems (Angst et
al., 2009). However, depending on an increase in alkalinity and a favorable temperature,
the above-mentioned bound chlorides may be released into the pore solution. Therefore,
studying the role of NFC in resisting the permeability of chlorides was necessary.

Goncalves et al. (2020) examined the ingress of chloride ions in accordance with
the Rapid Chloride Penetration Test (ASTM C1202-22, 2022) and further assessed by
colorimetry. Three variants of NFC, differing in carboxylate content (0.13-1.13 mmol/g of
fiber), were added to CSA Type GU cement mortars at up to 0.5% volume fraction, to
examine their effect on the transport of chloride ions. Besides the standard test using rapid

chloride penetration, chloride ingress was further evaluated through colorimetry, by
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spraying 0.1 N AgNOs solution on the fractured surfaces of the specimens. The transport
of chloride ions is greatly reduced when NFC is added to cement mortar. The decrease in
the electric charge in the RCPT was confirmed as shown in Fig. 2.5 (a), and the decrease
in the chloride front measured by colorimetry is shown in Fig. 2.5 (b). The reduction is
favored when the NFC is grafted with [COOH] groups. The NFC#1.13 resulted in a 50%
reduction in both the electrical charge and the depth of chloride infiltration at the maximum

tested 0.5 percent volume fraction.
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Figure 2. 5: (a) Electrical resistance to chloride ion ingress (RCPT) as per
(ASTM C1202-22, 2022) in mortars dosed with various NFC fractions and NFC types,
and (b) Free-chloride depth penetration of mortars dosed with various NFC fractions as
per AgNOs-based colorimetric method (adopted from Goncalves et al., 2020).
Freezing and thawing (F/T) damage is a well-known cause of concrete
deterioration. To summarize its mechanism, when water freezes, it expands about 9
percent. As the water in moist concrete freezes, it produces pressure in the pores of the

concrete. If the pressure developed exceeds the tensile strength of the concrete, the cavity

will dilate and rupture. The accumulative effect of successive freeze-thaw cycles and
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disruption of paste and aggregate can eventually cause expansion and cracking, scaling,
and crumbling of the concrete.

Barnat-Hunek et al. (2019) investigated the incorporation of 0.5% and 1% of both
NFC and NCC in 12 cubic samples with an edge length of 100 mm which were subjected
to a frost resistance test after being saturated with water. At a temperature of — 20° C, the
samples were frozen for 4 hours. The samples were then thawed to +20° C for 4 hours. 100
cycles of freezing and thawing were performed on the samples, and the mass loss and
compressive strength decrease were measured in comparison to the reference samples,
which were kept in water at a temperature of + 20° C throughout the experiment. The mass
loss after 100F/T cycles was more pronounced in the case of NCC; in both concretes, it
significantly dropped as the amount of added nanocellulose increased. In the case of the
NFC 0.5 mixture, the mass loss of the sample reached over 80%, while in NFC 1%, the
loss was 58-fold lower. They concluded that the freezing-thawing resistance of concrete
could be increased with the increase of NFCs, which was verified by the less pronounced
mass loss and compressive strength decrease after 100 F/T cycles. Compared to NCCs, the
mass loss of concrete in the case of NFCs was less pronounced, whereas the compressive
strength decrease was more significant.

Claramunt et al. (2015) used accelerated aging experiments to assess the durability
of cement mortars including combinations of varying contents (0 %, 2 %, 4 %, 6 %, and 8
% by mass of cement representing samples 1 to 5, respectively) of conventional pulps and
NFC. After being treated to 20 wet/dry accelerated aging cycles. The wet/dry cycle used
was 96 h of soaking in water at room temperature followed by 72 h of drying in an oven
provided with open-air circulation at 60 °C. Specimens containing greater levels of NFCs

showed increases in flexural strength of up to 16%, increases in modulus of elasticity of up
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to 55 %, and retained their original fracture energy values, as shown in Fig. 2.6. After age,
however, specimens with a larger concentration of standard pulps had lower flexural
strength and fracture energy values. The researchers found that NFCs were able to assure
increases in fiber bonding owing to age effects while also improving interfacial zone
densification.

Ardanuy et al. (2012) evaluated the impact of sisal fiber diameters on the durability
of mortar that had been exposed to accelerated aging. Sisal pulp fibers with a diameter of
15.9 mm were employed, as well as NFC with sizes ranging from 25 to 250 nm. In cement
composites comprising exclusively NFCs as natural reinforcements, a 4 percent NFC
content (by weight of cement) was employed. The specimens were treated to 5 wet-dry
cycles after 7 days of cure. After these cycles, specimens containing NFCs showed a 7%
increase in flexural strength, a 15% rise in flexural modulus, and a 15% decrease in fracture
energy. Control specimens lacking NFCs, on the other hand, had a 6% reduction in flexural
strength, a 44 percent rise in flexural modulus, and a 15% reduction in fracture energy. As
a result, NFCs showed a small considerable benefit in the durability of the cement

composites.
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Figure 2. 6: a) variations of flexural strength, b) variation of MOE, and c)
variation of fracture energy (adopted from Claramunt et al., 2015)

Claramunt et al. (2019) studied different cement matrices containing NFC
concentrations ranging from 0.10 % to 8.00 % (by weight of cement). The lowest NFC
concentration previously studied was 0.1 % (by mass of cement), which was shown to be
capable of preventing accelerated aging-related mechanical degradation of flexural

strength and elastic modulus. Other NFC concentrations, such as 0.2 %, 0.4 %, and 0.8 %
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(by mass of cement), yielded similar results (Claramunt et al., 2019). However, a
comparison of the experimental results of other studies suggests that increasing the NFC
concentration up to 8% (by mass of cement) caused the mechanical properties of cement-
based composites to increase after accelerated aging (e.g., flexural strength, flexural
modulus, modulus of elasticity).

Goncalves et al. (2019) also reported that samples with the highest NFCs
concentration presented the lowest chloride penetration. Therefore, the effects of high NFC
contents on the durability of cement matrices seem to be different from the effects observed
on their mechanical performance, since higher NFC dosage provided the highest increases
in mechanical properties after aging, the highest decreases in sulfate penetration, and
chloride resistance. The testing results showed that the highest NFC concentrations had the
best durability qualities. For example, composites containing 8% of NFCs (by mass of
cement) showed the greatest gains in mechanical characteristics owing to aging effects.
Composites containing 0.5 % (by volume) NFC had the highest improvement in chloride
resistance. The influence of NFC on the durability of cementitious matrices has just
recently been studied and the majority of the research on durability referenced in this
review was published in 2019 and 2022. Despite the lack of research on the subject, it can
be concluded that NFC can improve aggressive agent resistance through improved cement
matrix refinement, nucleation effects, bridging effects, and microcrack prevention. As
reported by Goncalves et al., (2019), NFCs produce a cementitious matrix that is more

compact and less permeable to aggressive agents.
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2.6.4 Mechanisms of NFC/NCC in Cement Matrices

The various interaction mechanisms of NFC integrated into cement matrices are
discussed in this section. According to the studies discussed in the preceding section, NFCs
have a superior influence on cementitious composites’ mechanical strength. Such
performance can be due to higher hydration in the matrices as shown by numerous studies:
(Mazlan et al., 2020; Hoyos et al., 2019; Mejdoub et al., 2017; Onuaguluchi et al., 2014).
NFCs function as nucleation sites, causing the hydration process to ramp up. As a result,
the degree of hydration and the generation of hydrated products including portlandite,
ettringite and calcium silicate hydrate (C-S-H) tend to increase in the presence of
NFC (Mejdoub et al., 2017). The degree of cement hydration rises as the NFC content of
the composites increases.

C-S-H crystals were developing in and around NFCs using the water held by the
nanocellulose as observed by Hoyos et al., (2019). When researching the addition of NCC
in cementitious matrices, Cao et al., (2016b) postulated a short-circuit diffusion mechanism
(SCD), which the authors ascribed to this finding. Fig. 2.7 (a-b) depicts this method.
Hydrated products (C-S-H) create a shell around the cement particle during curing, slowing
the hydration process inside the particle. NCC attaches to the cement particles and
establishes a water transport route into the unhydrated particle when present in the paste.
As a result, this would improve the matrix's hydration. Although this process has been
postulated for NCC, it has been maintained by some writers who have utilized NFC in the
cementitious matrix as an explanation for the higher hydration seen in cement-based

composites (Bakkari et al., 2019; Goncalves et al., 2019; Hoyos et al., 2019).
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Figure 2. 7: Short-circuit diffusion mechanism for CNC and NFC (adopted from
Hoyos et al., 2019).

The bridging effect, in which the fibers intercept the fractures in the matrix,
stopping their propagation, increasing the fracture energy, and avoiding brittle failure, is
another mechanism that explains the improvement in mechanical characteristics (Fonseca
et al., 2019). Fig. 2.8 depicts this impact, which corresponds to Peters et al., (2010)'s
findings. The bridging effect's contributions toward improving the mechanical
characteristics of composites appear to be related to their age. Because the framework of

the hydrated system is highly organized at later ages, a better link between NFCs and the
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cementitious matrix is produced, which improves the adhesion of the fibers into the

hydrated system (Hisseine et al., 2020).

Figure 2. 8: SEM image capturing the Bridging effect of NFC (adopted from Sun
etal., 2017).

2.7.  Statistical analysis and experimental design
Due to the existence of several dosages of admixtures, supplemental cementitious materials
(SCMs), fibers, and nanomaterials that might alter the performance of concrete,
optimization techniques for concrete mixtures based on statistical analysis have become
extremely necessary. A statistical technique known as "design of experiments” is used to
set up a matrix of experimental runs to examine the effects of multiple factors rather than
just one, as well as the interactions between these factors and specific responses, which can
help us better understand certain conditions (Montgomery, 2017; Ghezal & Khayat, 2002).

Factorial design is the most popular research approach used to investigate the
interaction of the main and independent variables of one or more outcome variable(s) of a
constructed system. However, it has some downsides, such as the requirement for a
significant number of runs when numerous components are present. As a result, this
procedure may be time- and money-consuming. Additionally, not all runs of the full
factorial design must be completed in order to arrive at a model with high confidence and

reliability (Montgomery, 2017). Therefore, when it comes to statistical analysis and the
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optimization process while taking into account a large number of elements, different
modelling methods are used such as the response surface method (RSM).

In order to create and optimize a process, RSM analyses the impact of many
elements and how they interact with the desired response. RSM's primary goal is to identify
the conditions under which various variables can best achieve the desired result (Ghafari
et al., 2014). The two most popular RSM design methodologies, central composite design
(CCD) and face-centered composite design (FCCD) have been used in a variety of concrete
studies (Yasien & Bassuoni, 2022; Shahab-ud-Din et al., 2018; Al-alaily & Hassan, 2016;
S.-C. Kang et al., 2010).

The FCCD has an experimental sequence divided into three parts, as illustrated in
Fig. 2.9, a two-level factorial design with data points chosen for the design including the
edges of the design space representing all +1 and -1 design points, a point in the center of
all factors, and axial points laying on the boundary of the design matrix (Montgomery,
2017). The CCD follows the same experimental sequence, except for the axial points,
which, exceed the design space with constant -o and o values (Ferdosian & Camdes, 2017).
However, FCCD shows more practicality for this thesis’s work, as the boundaries are
limited within the permissible space of a practical design block. For instants, if one of the
factors used is a type of fiber where levels are between -1 and 1 responding to dosages of
0 and 4.5%, respectively. Therefore, CCD is not a possible option, as it is not practical to
have a dosage at a level beyond -1 where the dosage will have a negative value, which is

not possible.
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Figure 2. 9: FCCD and CCD design points (adopted from Montgomery, 2017).

Shahab-ud-Din et al. (2018) developed a statistical model using RSM to predict the
fresh and Hardened characteristics of fly ash—based geopolymers and the effect of altering
the molarity of sodium hydroxide (varied from 8M to 16M), sodium silicate to sodium
hydroxide ratio (ranged from 1 to 2.5) and curing temperature (45C to 90 C). The
specified factors and their interactions were all found to be statistically significant (P-value
0.05). Additionally, the model’s parameters were optimized, and the optimum mix was
validated by experimental results in terms of compressive strength, to conclude that the
RSM was successful in predicting the proper outcome. This shows that any target value of
the response from the potential combination of factors can be selected using the RSM to
construct the experiment for different mixtures.

Koksal et al. (2022) employed the response surface method approach to examine
the toughness and splitting tensile strength of steel fiber-reinforced concrete (SFRC). The
experiment's independent variables included the volume fraction of steel fiber, the aspect
ratio, and the quantity of silica fume employed as a substitute for cement. The dependent

variables were SFRC mechanical characteristics derived through experimentation. The

34



Chapter 2: Literature Review

optimization yielded the optimal steel fiber volume of 0.70% and the silica fume
concentration of 15% for both aspect ratios. The author concluded that RSM is a reliable
approach to examining the properties of SFRC and optimizing factors such as ductility and
cost.

There is a dearth of knowledge in this field despite the significance of statistical
analysis models to better understand and optimize various parameters including multi-
scaled fibers, and nanomaterials dose, which might have a tangible impact on nano-
modified fiber-reinforced cementitious composites.

2.8. Closure

HPFRCC has superior properties to that of FRCC, making it suitable for various
construction projects. There is a growing demand for this type of high-strength, high-
ductility cement-based composite that incorporates metallic or non-metallic fibers,
particularly for repairing and strengthening structures, in order to address the weakness of
traditional concrete. Recently, cellulose and basalt fibers have been used extensively in
various applications due to their high performance and have been considered a better
alternative in cement-based composites to other fibers such as synthetic and steel fibers.
BFP, a new class of non-metallic basalt fibers, has shown great potential when used in
cement-based composites, similar to the commonly used metallic fibers such as steel fibers.
However, there is still a lack of research on the use of BFP in different construction and
repair work for concrete applications.

The goal of flatwork system repair and restoration techniques is to improve the
concrete slabs' quality or/and the substrate layer's structural strength. These repair solutions
use a variety of cement-based combinations, both with and without fiber reinforcement.

This encourages the usage of HPFRCC reinforced with multi-scaled combinations of fibers
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and nanomaterials to maximize the properties of composites in the desired application(s).
Hence, statistical modeling can analyze and optimize the dosages of materials being used
in composites to reach a target function tailored for each application individually. Thus,
further research should be done to better understand the effect of using these materials and
their combinations on the properties and durability of composites produced for concrete
flatwork applications and repair systems.

To date, the behavior of nano-modified cementitious composites incorporating a
combination of NFC and BFP at different dosages is still unknown and has not been
investigated. Thus, this thesis is dedicated to investigating and better understanding the
effects of using these materials and the combination between them on the properties of
composites. These combinations have promising expectations to enhance concrete’s
microstructure and strength development while decreasing the carbon footprint of the
concrete industry and ultimately reducing repair cycles, cost, and time over the life cycles
of concrete flat work. Hence, leading to the production of durable specialty concrete for

different construction applications.
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CHAPTER 3: METHODOLOGY

3.1 Statistical Model

The Response Surface Method (RSM), based on Face-Centered Composite Design (FCCD)
was used to evaluate the influence of mixture design parameters on the performance of
composites. Three parameters adopted in the developed models were: nano-particle types,
nano-fibrillated cellulose (NFC) dosage, and basalt fiber pellets (BFP) dosage. They were
investigated at two levels (1 and -1) representing the factorial part of the model. The
method used depends on improving the accuracy of predicting the response space by
considering additional points to the factorial set of the model. Accordingly, a central point,
at the intermediate level (0), for each factor was included in the developed models to
capture the quadratic effect of each variable, if any. Furthermore, the central point was
repeated three times to improve the overall reliability of the model, as well as account for
the model’s experimental error (Montgomery, 2017). Hence, 15 mixtures were cast to
establish the models which consist of the factorial part (2°=8 mixtures), the axial part

(2x3=6 mixtures), as well as the central point mixture.

The mixtures had a constant total binder of 700 kg/m® and w/b ratio of 0.3. A
combination of NCC and NS was added to the different composites at a ratio of 1:0 to 0:1
[ranging from 0-0.1% for NCC (in addition to the mass of the binder) and 0—6% for NS
(in addition to the mass of the binder), while NFC had a range of 0-0.5% (in addition to
the mass of the binder)]. In addition, BFP’s dosages varied within the mixes between 0—
4.5% (by volume of composite), and a combination of NCC and NS was added to different
composites at a ratio of 1:0 to 0:1 [ranging from 0-0.1% for NCC (in addition to the mass
of the binder) and 0-6% for NS (in addition to the mass of the binder)]. Table 3.1 represents

the adopted variable’s dosages and the corresponding codes. The dosages of slag, cement,
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w/b, NS, NFC, NCC, and BFP were chosen based on previous studies (e.g.,
Kamasamudram et al., 2021a; Santos et al., 2021; Azzam et al., 2019b; Mejdoub et al.,
2017; Ghazy et al., 2016; Onuaguluchi et al., 2014; Stephenson, 2011; Peters et al., 2010;)
and trial batches. The independent responses modeled were: initial (IST) and final (FST)
setting times, 7 and 28 days compressive strengths, flexural toughness, and resistance to
freezing and thawing cycles (durability factor) which represent the composites’ fresh,
hardened, and durability properties.

Table 3. 1: Codes and values of parameters investigated

Coding Values

Parameter

-1 0 +1
BFP (%) 0 2.25 45
NFC (%) 0 0.25 0.5
Nanoparticles: NCC (%)/NS 0'6 0.05:3 0.1:0

(%)
Note: BFP dosage is represented by volume of the composite, while NFC, NCC, and NS dosages are represented
by mass of the binder (as an addition).

3.2 Experimental program

3.2.1 Materials

The base components of the binders were general use (GU) cement and Grade 100 slag,
which meet the CSA-A3001 requirements (Canadian Standards Association, 2013). A
water-based nano-silica sol (NS) with a 50% solid content of SiO; particles was also used
as an addition to the binder. Table 3.2 lists the physical and chemical parameters of the
binders' constituents. The nano-fibrillated cellulose (NFC) used was produced via
mechanically refining natural cellulose fibers, while nano-crystalline cellulose (NCC) was
extruded chemically by hydrolysis. The NFC used was in wet form, with 20% solid content.
The basalt fiber pellets consisted of 16-um basalt roving encased in polyamide resin with

the fiber component accounting for 60% of the pellet's composition. Table 3.3 lists the
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properties of NCC, NFC, and BFP. The composites were produced using locally available
river sand that had a continuous gradation of 0—600 um and a fineness modulus of 2.9, as
per ASTM C136/136M, (2014). In addition, according to ASTM C128, (2014), the
absorption and specific gravity of the fine aggregate were 1.5 and 2.6 %, respectively. A
high-range water-reducing admixture (HRWRA) based on Poly carboxylic acid and
complying with ASTM C494/C494M, (2017) Type F was added to achieve a flow diameter
of 180+20 mm. Also, an air-entraining admixture complying with ASTM C260, (2010),
was incorporated in all mixtures to achieve a fresh air content of 6 £1%. The materials used
for both Phases I and Il were the same.

Table 3. 2: Physical and chemical properties of the GU cement, slag, and nano-silica
Aspect GU Cement Slag Nano-silica

Chemical composition

Si0; (%) 19.22 33.40 99.17
Al,03 (%) 5.01 13.40 0.39
Fez0s (%) 2.33 0.76 0.02
Cao (%) 63.22 42.70

MgO (%) 3.31 5.30 0.21
SOs (%) 3.01 2.40

NazOeq. (%) 0.12 0.30 0.20

Physical properties

Specific gravity 3.15 2.87 1.1
Mean particle size (um) 13.15 11.45 35x10°
Fineness (m2/kg) 390 492 80,000

Note: The properties of all materials have been provided by the manufacturers.
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Table 3. 3: Properties of NCC, NFC, and BFP

Parameter NCC NFC BFP
Length (mm) 50-800%10® 100x107% 36
Diameter/width (mm) 5-40x10® 80x10 1.8
Aspect ratio 1.25-160 1250 20
Specific gravity 15 1.5 1.7
Tensile strength (MPa) -- 115 2,300
Elastic modulus (GPa) -- 12 65

Note: The properties of all materials have been provided by the manufacturers.

3.2.2 Procedures

3.2.2.1 Phase I: Slag-based cementitious composites incorporating nano-silica, nano-
cellulose material and basalt pellets

In this Phase, fifteen mixtures were cast, cured, and tested. An ID is given for each mixture
where one or more letters identify the type of material used followed by a number
indicating the dosage. The given letters are defined as follows: Basalt fiber pellets (B),
Nano-fibrillated cellulose (NFC), and finally, letters refereeing to the nanoparticles: S for
NS, C for NCC and SC for NS+NCC. The mixtures IDs, coding, and proportions are listed
in Table 3.4.

Constituent materials were mixed in a mechanical concrete mixer at a speed of 60
rpm. According to the manufacturer’s mixing guideline and trial batches, a specific
sequence of mixing was adopted to produce homogeneous mixtures. Firstly, the dry
constituents were mixed then the needed water, admixtures, and NCC and/or nano-silica
were added while mixing until the composites achieved uniformity. The BFPs were then

added, and the ingredients were mixed to ensure that the pellets were distributed evenly.
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Once a uniform consistency was achieved, the NFC was added, and the mixing further
continued for 10 minutes. The entire process took about 15 - 20 min. After casting the
composites in molds, all specimens were consolidated using a vibrating table. Polyethylene
sheets were used to cover the surface of the specimens for 24 h. Subsequently, the
specimens were demolded and cured in a standard room maintained at 22+2°C and relative

humidity of more than 95% until testing.

3.1.1.1 Phase II: Nano-modified slag-based cementitious composites reinforced with
multi-scale fiber systems as a repair/overlay option

Based on Phase I, four mixtures were selected representing the domain of key experimental

variables, in addition to two mixtures derived from the numerical optimization to evaluate

the suitability of the nano-modified cementitious composites as a repair/overlay option.

The mixtures IDs and proportions are listed in Table 3.5. The mixing sequence adopted in

Phase Il was identical to that used in Phase I.
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Table 3. 4: Mixtures IDs, coding, and proportions per cubic meter

Mixture ID Coding Cement Slag Water Fine Agg. NS NCC NFC BFP
(kg) (kg) (kg)* (kg) (kg) (kg) (kg) (kg)
B4.5-NFC0.5-C 1,11 350 350 210 1190 0 0.70 3.50 78
B4.5-NFC0.5-S 1,1,-1 350 350 180 1105 42 0 3.50 78
BO-NFCO0.5-C -1,1,1 350 350 210 1305 0 0.70 3.50 0
B0-NFCO0.5-S -1,1,-1 350 350 180 1225 42 0 3.50 0
B4.5-NFCO0-C 1,-1,1 350 350 210 1195 0 0.70 0 78
B4.5-NFCO0-S 1,-1,-1 350 350 180 1115 42 0 0 78
BO-NFCO0-C -1,-1,1 350 350 210 1315 0 0.70 0 0
B0-NFCO0-S -1,-1,-1 350 350 180 1235 42 0 0 0
B2.25-NFCO0-SC 0,-1,0 350 350 195 1215 21 0.35 0 39
B2.25-NFC0.5-SC 0,10 350 350 195 1210 21 0.35 3.50 39
B4.5-NFC0.25-SC 1,0,0 350 350 195 1150 21 0.35 1.75 78
B0-NFC0.25-SC -1,0,0 350 350 195 1270 21 0.35 1.75 0
B2.25-NFC0.25-C 0,0,1 350 350 210 1250 0 0.70 1.75 39
B2.25-NFC0.25-S 0,0,-1 350 350 180 1170 42 0 1.75 39
B2.25-NFC0.25-SC 0,0,0 350 350 195 1210 21 0.35 1.75 39

*Adjusted amount of mixing water considering the water content of NS (50% solid content) and/or NFC (20% solid content).
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Table 3. 5: Selected mixtures for repair

Mixture 1D Cement Slag Water FineAgg. NS NCC NFC BFP
(kg) (kg) (ko) (kg) (kg)  (kg) (ko) (kg)
B4.5-NFC0.5-C 350 350 210 1190 0 070 350 78
B4.5-NFC0.5-S 350 350 180 1105 42 0 350 78
B4.5-NFC0-C 350 350 210 1195 0 070 0 78
B4.5-NFCO0-S 350 350 180 1115 42 0 0 78
B4.5-NFC0.25-C 350 350 210 1190 0 070 175 78
B4.5-NFC0.375-S3.75/C0.0375 350 350 190 1140 26 025 2.70 78

*Adjusted amount of mixing water considering the water content of NS (50% solid content) and/or NFC (20% solid content).

3.1.2 Testing

For the fresh properties, the mortar flow and retention were performed according to ASTM
C230/C230M, (2014) and the initial and final setting times of the composites were assessed
following ASTM C403/C403M, (2016). Fresh mortar without pellets was placed in a
container at room temperature, and the penetration resistance was determined by standard
needles at regular time intervals.

The mechanical properties were evaluated based on compressive and flexural
strength tests. The compressive strength of the mixtures was evaluated by testing
triplicate cylinders (100x200 mm) at early- and later ages complying with ASTM
C39/C39M, (2018). The flexural behavior was determined at 28 days by testing triplicate
prisms (100x100x350) according to ASTM C1609/C1609M, (2012); hence, a servo-
controlled closed-loop testing machine was used, where the displacement rate relied on the
measured net mid-span deflection of the prism. The flexural performance was assessed
based on the first cracking strength, peak strength, residual strength at spans L/600 (0.5

mm) and L/150 (2 mm), as well as toughness, which was calculated as the area under the
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load-deflection curve (P-0) up to a deflection of span L/150. The flexural test setup is

shown in Fig. 3.1.

Figure 3. 1: Flexural test setup.

The penetrability of selected mixtures was assessed by performing a fluid
absorption test based on a test procedure introduced by Tiznobaik and Bassuoni (2018).
After 28 days of curing, three concrete discs (7550 mm) were put in an oven at 50°C and
40% RH until a constant mass was achieved. Subsequently, specimens were then left for 6
hours in a sealed desiccator operated at vacuum pressure (85 kPa). Each specimen was then
freely submerged in a 4% calcium chloride (CaCl>) solution for 6 hours, then the absorption
was measured to the closest 0.01 g as the percentage change in mass of the specimens

relative to the initial dry masses after 1, 5, 10, 20, 40, 80, 160 and 360 minutes.
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In addition, the fluid transport properties within the composites were evaluated by
performing the rapid chloride penetration test (RCPT), as per ASTM C1202-22, (2022), on
triplicate disc specimens (100x50 mm) to determine the passing charges in addition to the
depth of chloride penetration into specimens. The test setup for the RCPT is illustrated in
Fig. 3.2. The specimens were split in half and sprayed with a 0.1M silver nitrate solution,
which creates a white silver chloride precipitate within 15 minutes. The average depth of
the white precipitate was then measured at five locations along each half. The depth
indicates the ease with which external fluids can enter the microstructure, and consequently

the microstructure's continuity of the matrix.

Figure 3. 2: Test setup for RCPT.

The resistance of the different mixtures to freezing-thawing (F/T) cycles was
evaluated based on the durability factor (DF) of triplicate prisms (75x75%x285) mm as
stipulated by ASTM C666, Procedure A, which was calculated using ultra-pulse velocity
(UPV) with 54 kHz transducers in accordance to ASTM C597, (2016). The duration of one

F/T cycle was 12 hours: freezing at —18+1°C for 7 h and thawing at 4+1°C for 3.5 h, and
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45 min. to ramp to the minimum freezing temperature or the maximum thawing
temperature. Every two weeks, the samples were brought outside of the environmental
chamber (Fig. 3.3) for visual observation and to measure the change in relative dynamic
modulus of elasticity (REq) of the concrete specimens. The durability factor was calculated
according to the following equation (Eqg. 3.1):
DF = PN/M (Eq.3.1)
where, DF = durability factor of the test specimen;
P =relative dynamic modulus of elasticity from UPV at N cycles, %;
N = number of cycles at which P reaches the specified minimum value of 60 % for
discontinuing the test or the specified number of cycles at which the exposure is to be
terminated, whichever is less; and
M = specified number of cycles at which the exposure is to be terminated (300 cycles).
The resistance of triplicate concrete slabs (250x250x100 mm) to salt-frost scaling
was evaluated as per ASTM C672 (2012). The specimens were exposed to 50 F/T cycles,
where each cycle consisted of ponding (3 to 5 mm) the surface of specimens with 4%
calcium chloride solution for 16 h at a temperature of -18+2°C, followed by thawing at
23+2°C for 8 h. The resistance to surface scaling of concrete was assessed qualitatively by

visual examination and quantitatively by weighing the scaled mass of specimens’ surfaces.

46



Chapter 3: Methodology

Figure 3. 3: Environmental chamber used for F/T exposure.

Restrained shrinkage and pull-off tests were carried out to assess the compatibility
between the substrate/parent concrete and the nano-modified (repair) concrete created in
this work. Duplicate Concrete slabs (250x250x130 mm) were cast for both experiments,
acting as the parent concrete for repair/overlay regime (400 kg/m® GU cement with 15%
fly ash replacement at w/b of 0.4), which is a typical mix design of concrete pavement used
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by the City of Winnipeg (COW) in Manitoba (CW 3310-R17, 2015). To remove any
remaining shrinkage strain, the slabs were subsequently stored in laboratory conditions for
450 days after being kept within the curing room (21°C and >95% RH) for 7 days. The
substrate concrete, which served as the surface of each slab, was wire-brushed and cleaned.
The roughened surface was dampened before the repair/overlay layer (70 mm) was put on
top. Four demec points were mounted to the repair/overlay layer's surface after casting by
1 hour in order to measure the composites' restricted shrinkage. A dial gauge extensometer
was used to measure the shrinking of the repair/overlay layer for 28 days while it was
curing. In order to track the cumulative shrinkage of the repair/overlay layer, the specimens
were then transferred to a hot/dry exposure of 40°C and 35%RH and shrinkage was
monitored and measured up to 180 days. The adopted scheme for the restrained shrinkage
test accurately represented a crucial repair/overlay scenario with a high surface-to-volume
ratio at the joint position in concrete pavement [Frentress and Harrington, 2012].
Furthermore, the pull-off test slabs were partially cored to assess the bond strength and
failure mode (Fig. 3.4) between the parent concrete and repair/overlay layer in accordance

with CSA A23.2-6B (2019) after 28 days of curing.

New Composite
Saw cut
Load

Materials \
Load _ Pull-off Disk t Interface

{ ) 1

|

Substrate Concrete /

Figure 3. 4: Schematic for pull-off test.
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The microstructural characteristics were assessed for selected composites to
elucidate the trends obtained from the bulk tests. The thermogravimetric analysis (TGA)
was conducted at a constant heating rate of 10°C/min on powder samples that were
extracted from the composites to evaluate the hydration and pozzolanic activities by
monitoring the portlandite (CH) quantities in the cementitious matrix up to 91 days. The
CH was calculated by determining the percentage drop of an ignited mass of the TG curves
at a temperature range of 400 to 450°C and multiplying it by 4.11 (ratio of the molecular
mass of CH to that of water). The DSC device is shown in Fig. 3.5. Moreover, after 28
days of curing, scanning electron microscopy (SEM) associated with elemental dispersive
X-ray (EDX) analysis was performed on fracture fragments, which were extracted from
untested specimens to visually capture the effect of the adopted parameters on the
performance of the different composites. The SEM samples were coated with a fine layer
of carbon before performing the analysis to make the surface conductive and to improve

the sample imaging. A visual representation of the used SEM is shown in Fig. 3.6.
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Figure 3. 6: Scanning electron microscopy (SEM).
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CHAPTER 4: RESULTS AND DISCUSSION OF PHASE |

4.1  Derived Statistical Models

The obtained test results, listed in Table 4.1, of the aforementioned responses for the
cementitious composites, were statistically analyzed including fresh properties (initial
[IST] and final [FST] setting times), early/later age hardened properties (3 [f’c 3d] and 28
days [f’c 28d] compressive strengths), flexural performance at 28 days (toughness [T]) and
resistance to frost action (durability factor [DF]). All responses followed a general model,
which can be expressed by (Eq. 4.1):

y= Po+IZBXi+ZpBiXiXj+ZpuXiXi+e (Eq. 4. 1)

where, y: response;

Xi: independent variable;

Jo: model intercept (constant);

pi: (=1, 2, 3): linear regression coefficients of each factor;

i (I=1, 2, 3; j= 2, 3; i >]): interaction regression coefficients of each factor;
pii: (i =1, 2, 3): quadratic regression coefficients of each factor; and

e: random error for uncontrolled factors.

All responses were mapped based on the input parameters, which were utilized to
determine the coefficients of the models following a non-linear regression analysis
(polynomial function). The presented equations (Eqs. 4.2 to 4.7) are expressed in terms of
the significant factors and their interactions which were determined using the analysis of
variance (ANOVA) method. A factor is considered significant if its probability is lower
than 0.05, which means that there is less than a 5% chance (or 95% confidence level) that

a tested response surpasses the value of the specified coefficient. Accordingly, P-values
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>0.05 indicate that a factor has an insignificant effect on the measured response; thus, it
was eliminated from the equations. This criterion maximizes the models’ coefficient of
determination (R?), i.e., best fit (Montgomery, 2017).

The models’ best-fit responses were generated using a statistical analysis package,
Design Expert version 13 (2022). Furthermore, the models’ coefficients and significant
variables extracted from ANOVA are listed in Table 4.5. Hence, the response equations
are as follows:
IST [min] = 2744+ 53.5X B+ 40X NFC + 219 X B X NFC (EqQ. 4. 2)
FST [min] = 413.2 + 75.5 x B+ 55.5 x NFC 4 26.9 x B x NFC (Eq. 4. 3)

(f'c 3d)~2 [MPa] = 0.0007 4+ 0.0002 X B — 0.0001 x NFC — 0.0001 x SC (Eq. 4. 4)

1

[MPa] = 0.0128 + 0.0012 x B — 0.0006 X NFC — 0.0004 X SC + 0.0007 X NFC*

(f’c28d)

(Eg. 4.5)
(T)é [J/]=54+27%xB—-1.1x B? — 0.1538 X NFC? — 0.2369 X SC? (Eq. 4. 6)
DF [%] =92.6 —2.2XB + 15X NFC + 1.3 X B x NFC + 3.0 x B? (Eq.4.7)

Predictions for a response at specific values of each element can be made using
these equations, which are expressed in terms of coded values. According to a unit change
in the factor value, each coefficient shows the expected change in response. By comparing
the coefficients of the elements, coded equations help to determine the relative importance
of the factors. Indeed, the models' validity is limited by the high- and low-level factors (+1
to -1) of the experimental variables. To illustrate the interactive relationships among the
different variables, three exemplar graphs were plotted from each response, where the

effect of the high and low levels of each factor can be visually captured.
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Table 4. 1: Summary of the bulk test results

Mixture ID IST FST fc3d fc28d T DF
(min) (min) (MPa) (MPa) J) (%)
B4.5-NFC0.5-C 380 (2.2) 550 (2.4) 38 (2.1) 74 (3.1) 43.0(4.2) 98 (2.6)
B4.5-NFC0.5-S 390 (2.5) 580 (2.1) 36 (2.3) 72 (2.2) 45.0 (4.8) 96 (3.1)
BO-NFC0.5-C 235 (3.4) 360 (4.1) 49 (2.8) 90 (1.4) 0.8(2.1) 100 (2.8)
BO-NFC0.5-S 240 (2.2) 370 (2.7) 45 (0.9) 83 (0.7) 2.1(2.2) 100 (3.2)
B4.5-NFC0-C 250 (4.1) 385 (2.4) 33(0.7) 70 (1.4) 42.0(2.2) 93 (4.3)
B4.5-NFCO-S 280 (2.8) 425 (3.2) 31 (1.7) 62 (4.9) 43.0 (4.4) 90 (2.9)
BO-NFCO0-C 200 (2.2) 305 (4.3) 42 (1.8) 79 (2.8) 1.6 (2.5) 100 (3.6)
BO-NFCO0-S 210 (41) 320 (2.9) 38 (2.8) 76 (2.9) 1.5(3.8) 99 (L7)
B2.25-NFC0-SC 230 (3.6) 350 (3.6) 36 (3.3) 72 (4.6) 26.5(2.7) 92 (2.1)
B2.25-NFC0.5-SC  325(3.4) 480 (2.1) 41 (2.3) 76 (2.2) 26.7 (4.1) 95 (4.4)
B4.5-NFC0.25-SC 340 (3.2) 510 (2.4) 35 (2.2) 72 (2.3) 46.8(2.9) 96 (3.2)
BO-NFC0.25-SC 220 (2.2) 340 (2.7) 51 (3.8) 92 (4.4) 2.6(21) 96 (2.7)
B2.25-NFC0.25-C 300 (1.4) 450 (3.4) 40 (4.8) 76 (3.3) 255(3.1) 95(2.2)
B2.25-NFC0.25-S 270 (25) 405 (2.7) 38 (2.0) 74 (2.3) 26.0 (2.4) 93 (3.4)
B2.25-NFC0.25-SC 260 (2.9) 390 (2.1) 37 (1.4) 79 (1.4) 30.0 (4.6) 92 (1.5)
B2.25-NFC0.25-SC 265 (2.2) 400 (2.8) 38 (3.5) 79 (2.2) 29(29) 92(2.2)
B2.25-NFC0.25-SC 270 (3.6) 405 (3.4) 37 (3.2) 80 (2.7) 29(22)  92(1.9)
Note: The Values in parentheses represent the standard deviations.
Table 4. 2: Models' derived coefficients from ANOVA
t'\)g, ultiplied — jopy-2 FST (f'c3d)? —(f’c12 5 1)z DF
Intercept 274.4 413.2 0.0007 0.0128 5.4 92.6
B 53.5 75.5 0.0002 0.0012 2.7 2.2
NFC 40 55.5 -0.0001 -0.0006 0.0101 15
sC -2.5 -5 -0.0001 -0.0004 -0.0791 0.8
B * NFC 21.9 26.9 - -0.0001 0.0467 1.3
B *SC -3.1 -5.6 - -0.0001 0.0359 0.5
NFC * SC 3.1 1.9 - 0.0001 -0.0836 -0.3
B? - - - -0.0005 1.1 3.0
NFC? - - - 0.0007 -0.1538 0.5141
sc? - - - 0.0005 -0.2369 1.0
R? 0.9667 0.9609 0.9283 0.9495 0.9990 0.9163

Note: significant values are bolded.
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4.2 Setting Time

The results of IST and FST, which were determined according to ASTM C403/C403M,
(2016), varied between 3.3 t0 6.5 hand 5.1 to 9.7 h, respectively (Table 4.1). The derived
Eq.4.2 indicates that the IST response was significantly influenced by BFP and NFC
dosages, while the type of nanoparticle showed an insignificant effect. The BFP
(coefficient of 53.5) dosage had the dominant effect on the IST response compared with
the NFC (coefficient of 40) dosage. Similarly, the FST response expressed by EQ.4.3
showed the same trend with BFP and NFC coefficients of 75.5 and 55.5, respectively.
Despite, the high dosages of HRWRA needed for target flow of the slag—based composites,
the FST for most composites remained below the lower limit of the documented range for
binders incorporating high volumes of supplementary cementitious materials (SCMs),
which typically shows FST within the range of 9 to 12 h (Neville, 2011).

The isoresponses shown in Figs. 4.1(a-c) and Figs. 4.2(a-c) map the trends from
the IST and FST models, respectively. Increasing the dosages of BFP led to extending the
IST and FST of the composites. For instance, the incorporation of 4.5% BFP in mixture
BO-NFCO-S to produce mixture B4.5-NFCO-S increased the IST and FST by 33%.
Likewise, the amalgamation of NFC in the different composites delayed the setting times
but to a lesser extent in comparison with BFP. For example, composite BO-NFCO0.5-C
achieved longest IST and FST by 18% compared to that of the counterpart composite
without NFC (BO-NFCO-C), which were 3.3 h and 5.1 h, respectively. This can be ascribed
to the extra amount of HRWRA required to maintain the composites’ target flowability,
especially when comprising macro-fibers; thus, an increase in the rate of admixture
bleeding in the fresh composites may reduce the resistance of the superficial layer within

the active depth of the penetrating needles in the setting time test.
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Although the type of nanoparticles used herein was not a significant factor affecting

the skeletal rigidity of the composites, the presence of these materials was essential to

achieve acceptable hardening rates through different mechanisms, as shown in Section 4.6,

especially with the coexistence of high dosages of a latent hydraulic binder (slag). These

patterns align with the results of previous studies on nano-modified concrete incorporating

high volumes of SCMs (X. Jiang et al., 2022; Azzam et al., 2019a; Motahari Karein et al.,

2017).
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Figure 4. 1: IST isoresponse curves (min): (a) 6% nano-silica, (b) 3% nano-silica
with 0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline cellulose.
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Figure 4. 2: FST isoresponse curves (min): (a) 6% nano-silica, (b) 3% nano-silica with

0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline cellulose.
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4.3  Compressive Strength

As listed in Table 4.1, all composites, which contained 50% slag, achieved compressive
strengths more than 30 MPa at early-age, whilst the 28 days mechanical capacity varied
between 62 to 92 MPa, which qualifies the proposed composites for a variety of
infrastructure applications (e.g., patch repair and overlays for bridges and pavements). This
proves the capability of the incorporated nanomaterials (NS, NCS, or NCC) to mitigate the
drawback of using high-volume slag on strength development. As depicted in the
isoresponse curves [Figs. 4.3(a-c) and 4.4(a-c)] and the associated statistical models
described by Eqgs. 4.4 and 4.5, the compressive strength at both early- and late-ages was
significantly affected by the adopted parameters. Both 3-days and 28-days compressive
strengths experienced similar statistical significance trends, designated by the magnitudes
of regression coefficients. Hence, the BFP exhibited the most significant impact on
strength, followed by the NFC and nanomaterials type.

As shown in the isoresponse curves, it can be noted that irrespective of the mix
design settings, the inclusion of BFP notably reduced the composites' compressive strength
values. For instance, adding BFP to composite BO-NFCO0.5-C and BO-NFCO0.5-S to produce
mixtures B4.5-NFC0.5-C and B4.5-NFCO0.5-S reduced the compressive strength at 3 and
28 days by an average of 21% and 16%, respectively. A similar trend was reported by
(Azzam et al., 2019a) for fly ash- and slag-based cementitious composites comprising BFP,
which can be attributed to the ITZs created by BFP in the matrix, acting as stress
concentrators/weak links, thus reducing its mechanical capacity.

In contrast, cementitious composites comprising NFC yielded higher compressive
strengths than that of corresponding composites without NFC (Figs. 4.3 and 4.4). For

example, the addition of 0.5% NFC by mass of composite BO-NFCO-S binder to produce
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composite BO-NFCO0.5-S increased the 3- and 28-days compressive strengths by 18 and
9%, respectively. This can be ascribed to the short circuit diffusion mechanism of NFC,
which improves the hydration of the cementitious matrices, as will be substantiated in
Section 4.6. This highlights the potential of NFC to alleviate the negative effect of BFP
macro-fibers on the composites’ mechanical capacity.

The amalgamation of NCC in the composites achieved a slight increase in
compressive strength than its counterpart NS and the effect was elevated with the dosage
of nanomaterials. For instance, composite BO-NFCO-C achieved a higher compressive
strength than its counterpart composite BO-NFCO-S as it increased the 3- and 28-days
compressive strength by 6 and 13%, respectively. Both NCC and NS provide nucleation
surfaces for hydrations products to precipitate on at early-age; however, the short circuit
diffusion mechanism of NCC might achieve better development in the composites’

microstructure.
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Figure 4. 3: 3-day compressive strength isoresponse curves (MPa): (a) 6% nano-silica,

(b) 3% nano-silica with 0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline
cellulose.
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Figure 4. 4: 28-days compressive strength isoresponse curves (MPa): (a) 6% nano-silica,
(b) 3% nano-silica with 0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline
cellulose.

4.4

Flexural Performance

Table 4.3 lists the flexural properties including first-peak flexural strength, residual

strengths, post-cracking residual strength index, and toughness for all composites at 28

days following the guidelines stipulated by ASTM C1609/C1609M (2019). The flexural

strengths for all composites were in the range of 5.7 to 14.7 MPa, which qualifies them to

be employed in various construction applications such as bridge overlays, repair patches,

joints, etc. (Mehta and Monteiro, 2014). The general trends of the tested design variables

were similar to that of the compressive strength; hence, the first-peak flexural strength

mainly depends on the mechanical capacity of the cementitious matrix, which is affected

by the type of binder and fibers, as explained in the previous section.
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Table 4. 3: Flexural properties of composites

First-Peak Residual Residual Po_st-Cracking

Mixture 1D Strength Strength Strength Residual Strength Toughness

(MPa) at L/150 at L/600 Index Q)

(MPa) (MPa) (Ri)

B4.5-NFC0.5-C 7.3 6.4 5.6 0.9 43.0
B4.5-NFC0.5-S 6.8 6.7 5.9 1.1 45.0
BO-NFCO0.5-C 13.8 0.0 0.0 0.0 0.8
BO-NFCO0.5-S 11.6 0.0 0.0 0.0 2.1
B4.5-NFCO0-C 6.8 6.2 6.3 1.0 42.0
B4.5-NFCO0-S 5.7 6.6 6.0 1.2 43.0
BO-NFCO0-C 10.4 0.0 0.0 0.0 1.6
BO-NFCO0-S 10.0 0.0 0.0 0.0 15
B2.25-NFCO0-SC 6.8 4.2 3.5 0.6 26.5
B2.25-NFC0.5-SC 9.8 4.0 3.8 0.4 26.7
B4.5-NFC0.25-SC 6.9 7.9 5.7 1.0 46.8
BO-NFC0.25-SC 14.7 0.0 0.0 0.0 2.6
B2.25-NFC0.25-C 9.9 4.4 4.1 0.4 25.5
B2.25-NFC0.25-S 7.0 4.0 3.8 0.6 26.0
B2.25-NFC0.25-SC 11.0 4.2 4.0 0.4 30.0
B2.25-NFC0.25-SC 11.1 4.2 4.0 04 29.0
B2.25-NFC0.25-SC 10.8 4.2 4.0 0.4 29.0
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Figure 4.5 illustrates an exemplar post-cracking behavior (P- ¢ plot) of selected

composites to comprehend the effect of each of the adopted parameters on the multi-scaled
fibers incorporated in the nano-modified composites. After the first-cracking, a sharp
decline in load capacity was observed, representing the transitional stage between matrix
failure and engagement of BFP load-bearing mechanism in the post-peak stage (deflection
softening or hardening), which is a typical trait of high-performance cementitious
composites. The composites’ post-cracking performance was enhanced, notably with
higher BFP contents, as depicted in Fig. 4.5 (BO-NFCO-NC, B2.25-NFC0.25-NC, B4.5-
NFCO-NC), due to the pellets' pullout process. This was reflected by the tendency of
composites containing low BFP dosage for exhibiting deflection softening in contrast to
composites with 4.5% BFP dosage, which showed deflection hardening with higher
ductility. It is worth noting despite the positive effect of NFC on the first-peak strength due
to the improved mechanical capacity of the matrix, as mentioned in the compressive
strength section, the overall post-peak behavior was comparable to composites without
NFC, as shown in Fig. 4.5 (B4.5-NFCO-NC vs. B4.5-NFC0.5-NC).

The residual post-cracking strength index (R;), which assesses the performance of
fiber-reinforced concrete (FRC) in bridges (CSA S6, 2019), was calculated for each
composite. The R; of composites containing 2.25% BFP was larger than 0.4, while it was
greater than 0.9 for composites with 4.5% BFP. Depending on the application and the
layers of cracking-control reinforcement, it is required that a suitable fiber content in FRC
is chosen based on Ri to meet or surpass specified values ranging from 0 to 0.30 (CSA S6,
2019). According to those stipulations, the developed composites with BFP herein

have acceptable flexural performance for bridge applications.

60



Chapter 4: Results and Discussion of Phase |

45

—— BO-NFCO-NC — — B4.5-NFCO-NC
40 4 | e B2.25-NFC0.25-NC - = =B4.5-NFCO0.5-NC

35 A

30 A

25

20 A

Load [KkN]

10 A

0 1 T T T
0 0.5 1 15 2

Deflection [mm]

Figure 4. 5: Exemplar load-deflection (P-8) curves.

The derived Eq. 4.6 and corresponding isoresponse curves [Fig. 4.6 (a-c)], indicate
that the toughness response was significantly influenced by BFP solely. Accordingly, the
composites incorporating BFP experienced a significant increase in toughness. For
instance, the addition of BFP at dosages of 2.25% and 4.5% to BO-NFCO-S composite to
produce B2.25-NFCO0-SC and B4.5-NFCO-S composites boosted the toughness from 1.5 J
to 26.5 and 43 J, respectively. This can be linked to the effective control of BFP over the
spread of macro-cracks resulting in higher ductility, which is reflected by an increase in
toughness/ductility, especially with the higher BFP dosages owing to the abundance of the
pellets in the specimens’ failure plane leading to deflection hardening (Fig. 4.5). On
contrary, NFC had a negligible impact on the composites' toughness; for instance, the
addition of NFC to composite B4.5-NFC0-C to produce composite B4.5-NFCO0.5-C

increased the toughness by 1 J. Likewise, changing the type of used nano particles showed
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an insignificant effect on the toughness. For example, composite B4.5-NFCO-S attained a
toughness value of 43 J compared to 42J of the counterpart composite comprising NCC

(B4.5-NFC0-C).
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Figure 4. 6: Toughness isoresponse curves (J): (a) 6% nano-silica, (b) 3% nano-silica
with 0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline cellulose.

4.5  Durability Performance

The composites' durability performance was assessed based on its resistance to 300 cycles
of freezing-thawing as stipulated by ASTM C666/C666M, (2015). The isoresponse curves
mapped in Figs. 4.7 (a-c) and the corresponding Eq. 4.7 show that the BFP and NFC
dosages, in order of significance, had a dominant effect on the DF with regression
coefficients of -2.2 and 1.5, respectively.

Composites comprising BFP achieved relatively lower DF compared to the
counterpart composites without pellets. For instance, by adding BFP to mixture BO-NFCO-
S to produce mixtures B4.5-NFCO-S, the DF was reduced by 10%. This can be ascribed to
the creation of extra 1TZs. However, the marginal effects of BFP on the composite's
resistance to freezing-thawing cycles were mitigated by the combination of NFC and BFP
to create a hybrid fiber system. For example, composites BO-NFCO0-C, B4.5-NFCO0-C, and
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B4.5-NFC0.5-C achieved DF of 100, 93, and 98, respectively, which highlighted the
capability of NFC to alleviate the negative effect of BFP due to its physical, chemical and
internal curing effects, as explained earlier. Despite the insignificant effect of the
nanoparticles type on the composites' response to frost action, their presence was essential
to achieve high DF values. This can be attributed to the short circuit diffusion mechanism
of NCC and the pozzolanic/filler effects of NS, which markedly enhanced the composites’
microstructural characteristics as well as the discontinuity of the ITZs in the BFP mixtures;

resulting in higher resistance to frost action.

It is worth noting that the composites tested herein, irrespective of the mixture
design, reached a DF surpassing 90% and exceeding the 60% relative dynamic modulus of
elasticity limit stipulated by ASTM C666/C666M, (2015), which qualifies them for
exposed applications in cold regions. Indeed, the presence of adequate air content of 6+1%,
as required by Canadian and American codes/guidelines for concrete (ACI 201.2R, 2016;
CAN/CSA A231.1, 2019), was essential to accommodate the hydraulic/osmotic pressures
in concrete caused by freezing-thawing cycles (Neville, 2011; Powers & Helmuth, 1953).
In addition, the absorption percentages, which were in the narrow range of 2 to 2.5%
without significant difference [overlapping error bars] (Fig. 4.8), indicated very low
penetrability. This is attributed to the fact that all composites tested herein had high binder
contents (> 700 kg/m®) and low w/b (0.30), which would make them resistant to fluid
ingress and in turn saturation, which is the necessary condition for frost damage of
concrete. In particular, NCC, NFC, and NS densification effects improved the resistance
of composites to the ingress of fluids; hence, little freezable water was present in the paste,

resulting in composites with superior durability to frost action.
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Figure 4. 7: Durability factor isoresponse curves (%): (a) 6% nano-silica, (b) 3% nano-

silica with 0.05% nano-crystalline cellulose, and (c) 0.1% nano-crystalline cellulose.
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Figure 4. 8: Absorption results of the different mixtures after 28 days of curing. (Note:
error bars represent standard deviations)
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4.6  Thermogravimetric and Microscopy Analyses

4.6.1 Effect of nanomaterials on the slag-based binder

The contents of calcium hydroxide (CH) present in the nanomodified binders versus time
are listed in Table 4.4. Irrespective of the different dosages of nanomaterials, it was
observed that the mixtures incorporating nano-crystalline cellulose had consistently higher
CH contents compared to the mixtures incorporating nano-silica in the slag-based binders
at early- and late-ages. For example, after one day of curing, the CH contents in mixtures
BO-NFCO-C and BO-NFCO-S was 4.11% and 3.86 % (i.e., 7% increase), respectively; the
amount of CH in the matrix slightly increased when NCC was combined with NFC. For
instance, the CH content at 7 days for mixtures BO-NFCO-C and BO-NFCO0.5-C were 4.22
and 4.44, respectively.

Mixtures incorporating cellulose nanomaterials experienced a rise in CH contents
for up to 14 days as they provide nucleation surfaces for the hydration products
cementitious materials to precipitate on. In addition, they have omnipresence of superficial
hydroxyl groups that can attract calcium ions (Kamasamudram et al., 2021a), causing
cellulose to adhere to cement and slag particles. Therefore, selecting the optimum dosages
of nanomaterials and dispersing them in the cementitious matrix are essential to minimize
agglomeration and increase the area of cement-slag hydration surfaces. In addition,
hydrophilic NCC/NFC which are intermixed with hydration shells around cement/slag
grains created a network to diffuse water retained by NCC/NFC into the unhydrated core
of particles [short circuit diffusion (Cao et al., 2015, 2016a)], hence improving the
hydration process in the matrix and attaining a higher degree of maturity. This was reflected

by high early-strength (above 30 MPa at 3 days) of these mixtures in spite of the high
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content of slag (latent hydraulic binder). After 14 days the CH contents in the comprising
cellulose nanomaterials decreased consistently up to 90 days (up to 26% reduction),
indicating that NCC/NFC synergistically catalyzed pozzolanic reactivity of slag in the
binder through consuming CH in the matrix and precipitating secondary C-S-H to densify
the matrix. This conformed to the high strength (above 75 MPa at 28 days), low absorption

(less than 2.5%), and improved durability (DF of 100%) of these composites.

Table 4. 4: TGA results for CH contents (temperature range of 400 — 450°C) in selected

composites

Calcium Hydroxide Time (days)

Content (%) 1 3 7 14 28 56 90
BO-NFCO0-C 4.1 4.2 4.2 4.4 4.0 3.8 3.7
BO-NFCO0-S 3.9 3.7 3.1 2.9 2.3 1.9 1.7
BO-NFCO0.5-C 4.2 4.2 4.4 4.5 3.9 35 3.3
BO-NFCO0.5-S 39 3.7 3.8 2.6 21 1.8 1.6
B2.25-NFC0-SC 4.0 4.0 3.9 35 2.8 2.3 21
B2.25-NFC0.5-SC 4.0 3.9 3.7 35 2.7 2.1 2.0

Note: accuracy of TGA measurements is within £0.2%.

Unlike the NCC/NFC mixtures, mixtures incorporating 6% NS alone had consistent
reduction of CH from 1 to 90 days; for instance, BO-NFCO-S had a drop of 40% and 27%
between 1 to 28 days, and 28 to 90 days respectively. A comparable trend was observed
for mixtures comprising 6% NS with 0.5% NFC. Ultrafine nano-silica (specific surface of
80,000 m?/g) acted as nuclei promoting the formation of hydration products. Sufficient CH
contents (above 3%) in the presence of vigorously reactive nano-silica in the binder
material led to rapid consumption of calcium hydroxide at very early-age, demonstrating a

rapid pozzolanic activity to produce secondary and stiff C-S-H gel in the matrix, which
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conformed to the high strength results at 3 (38 Pa) and 28 (78 MPa) days. In addition to the
particle packing and physical filling effects of nano-silica agglomerates, the long-term
pozzolanic reactivity of slag, as indicted by the lower rates of CH consumption between
28 to 90 days, in composites incorporating nano-silica which led to densification of the
microstructure as reflected by the low absorption and high durability to frost action.
Binders modified with 3% NS with 0.05% NCC (e.g., B2.25-NFCO0-SC) benefited from the
synergistic effects of improved hydration and pozzolanic reactivity (concurrent process of
CH production and consumption to precipitate additional cement gel), especially with the
addition of 0.5% NFC (e.g., B2.25-NFC0.5-SC), which achieved high strength (above 40
MPa and 75 MPa at 3 days and 28 days, respectively) and high resistance to freezing-

thawing cycles (at least DF of 95%).

4.6.2 Effect of BFP
When BFP was incorporated into the composites, it resulted in decreasing the compressive
and first-peak flexural strengths of composites, which are governed by the matrix quality.
This effect is attributed to the formation of additional 1TZs in the matrix, creating stress
concentration regions and thus reduction of capacity. However, this adverse effect was
partially offset with the addition of NCC and NFC, owing to the nucleation and internal
curing effects that enhanced the degree of maturity of the matrix, as explained in Section
4.7.1. In addition, graded NFC could bridge micro-cracks in the matrix and further increase
its capacity as observed in the compressive and flexural strength trends.

After the peak load/first-cracking, BFP had a positive effect on enhancing the post-
cracking behavior of composites. The pellets were successful at actively restoring the load-

bearing capacity experiencing a strain-hardening effect with increasing the dosage (Fig.
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4.5). This can be ascribed to the presence of micro-grooves along the surface of the pellets,
creating an efficient interlocking mechanism between the cementitious matrix and pellet’s
interface and resulting in a greater surface area of contact between them. Indeed, the
precipitation of reaction products within the grooves enhanced the ductility of the
composites by enhancing the bond between the pellets and matrix, as for example shown
in Figs. 4.9 (a-b). EDX was used to calculate the calcium-to-silicate ratio (Ca/Si) of the
cement gel on and in the vicinity of micro-grooves. This relation is established to indicate
whether the reaction products were hydraulic or pozzolanic as the C-S-H produced through
hydration tends to 1.7, while the secondary C-S-H from pozzolanic reactions tends to 1
(Detwiler et al., 1996). For example, Figs. 4.10 and 4.11 show that mixtures incorporation
NS (vigorous pozzolanic reactivity) had an average Ca/Si of 1.1, while mixtures
incorporating NCC (enhanced hydration reactions) had an average Ca/Si of 1.7, which
complied with the TGA trends. This efficient bonding controlled the propagation of cracks
in the matrix and impeded the process of the fiber pullout from the matrix, which is the
chief toughening mechanism in the composites. Accordingly, a higher amount of BFP
resulted in a greater chance for the pellets to be present across potential failure planes, and

thus higher energy absorption/toughness.
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Figure 4. 9: Exemplar SEM micrographs of matrix showing ITZ with BFP for mixtures:
(a) B4.5-NFCO0.5-NS, and (b) B4.5-NFCO-NC.
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Figure 4. 10: Exemplar SEM micrograph and EDX spectrum of indicated points for
samples extracted from mixture B4.5-NFCO-NS. (Note: SE is the standard error)
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Figure 4. 11: Exemplar SEM micrograph and EDX spectrum of indicated points for
samples extracted from mixture B4.5-NFCO-NC. (Note: SE is the standard error)

4.7  Numerical Optimization

Through numerical optimization, the generated models can be utilized to identify the mix
design of cementitious composites that can be used for various construction applications.
Accordingly, exemplar optimization scenarios were carried out considering the adopted
parameters at the different levels in a manner to yield responses, which fulfill the target
applications' performance criteria. Different goals, such as maximum, minimum, none,
target, or within a certain range, were assigned to each response to achieve the intended
use of the composite. Afterwards, the importance of each goal was graded on a scale of one
to five reflecting the importance of each goal, with one being the least desired and five
being the most important. Subsequently, a desirability function was calculated, which
represents the best compromise that achieves a balance among all target goals through
multi-objective optimization. The greatest desirability function was created by starting with

100 random points and proceeding forward to the sharpest slope until a maximum value
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using statistical software [Design Expert], Due to the response surfaces' and their
combinations' curvature, two or more maxima may be achieved. The desirability function
has a range from 0 to 1, with 1 denoting the best possible outcome and 0 denoting that one
or more responses are beyond the acceptable boundaries.

Two scenarios were developed, representing the use of composites as a viable
option for repair/overlay applications in concrete pavements and bridge decks. For
Scenario 1, the criteria aimed to comply with the specifications of the COW-approved
repair products list, which stipulates target 28 days compressive strength of 55 MPa, and
durability factor of 95%. While for Scenario Il, the criteria aimed to achieve a balance
between the final setting time and 28 days strength, while maximizing the flexural and
durability performance. The target criteria for the two scenarios adopted herein and their
corresponding results are listed in Table 4.5. The obtained results showed desirability of
0.76 and 0.84 for Scenarios | and Il, respectively.

The results of the optimization studies demonstrated that using the highest dosage
of BFP (4.5%) was essential to obtaining the desired flexural performance for both
scenarios. The other materials were adjusted to accommodate the performance
requirements to fit each scenario. For Scenario, I, NS, NCC, and NFC were set at 3.75%,
0.0375%, and 0.375%, respectively, to reach a composite with a final setting time of 450
min and superior early and late compressive of 35 and 75 MPa, respectively, flexural
toughness of 48.5 J and resistance to freezing-thawing with a durability factor of 95%. For
Scenario 11, only NCC and NFC were needed to reach a composite with optimized fresh
properties (final setting time of 410 min), mechanical strength (28 days compressive
strength of 74 MPa), and with emphasis on toughness reaching a value of 44 J and

durability factor of 95%. It is worth noting that the optimized proportions would change
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from the ones listed in Table 4.5, with the target performance criteria depending on the

application defined by the user.

Table 4. 5: Selected criteria, goals, weights, and results of the numerical optimization

Criteria Goal Weight Result
Scenario |

NS (%) Within range from 0 to 6% - 3.75%
NCC (%) Within range from 0 to 0.1% - 0.0375%
NFC Within range from 0 to 0.5% - 0.375%
BFP Within range from 0 to 4.5% - 4.5%
Initial setting time None - 280 min
Final setting time Minimize 3 450 min
f'c3d In range 30 to 35 MPa - 35 MPa
f'. 28d At least 55 MPa 5 75 MPa
Toughness Maximize 5 4851
Durability factor At least 95% 5 95%
Scenario Il

NS (%) Within range from 0 to 6% - 0%
NCC (%) Within range from 0 to 0.1% - 0.1%
NFC Within range from 0 to 0.5% - 0.25%
BFP Within range from 0 to 4.5% - 4.5%
Initial setting time 2-4 h - 240 min
Final setting time 4-8 h - 410 min
f'.3d None - 35 MPa
f'. 28d At least 50 MPa 3 74 MPa
Toughness Maximize 5 44
Durability factor Maximize 5 95%

Note: Peak flexural strength surpassed 7 MPa for both scenarios
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CHAPTER 5: RESULTS AND DISCUSSION OF PHASE 11

5.1  Fresh Properties

Composites' fresh properties are represented in Table 5.1. All composites met the original
target flow of 180+20 mm of the 100 mm base diameter of the test apparatus, which
allowed for high consistency during casting, placement, compaction, and finishing. Flow
values for composites remained over 100% of the mold's base diameter. This suggests that
the materials are suitable for field deployment. Moreover, all mixtures maintained an
adequate consistency for up to 60 minutes after mixing. For example, the average flow loss
at 1 hour for all mixtures was 60% of the initial values, indicating sufficient placement
times (typically 30 to 40 min) needed for quick batch repair operations in concrete
pavement [e.g., Patel et al., 1993].

Depending on the binder used and the NFC doses employed, higher HRWRA
dosages were needed for the nano-modified mixtures compared to standard concrete
mixtures. This was attributed to NCC and NS's extremely large surface area, which
increased the mixes' cohesion. Also, the angular structure of slag particles caused the
constituents to interlock, which resulted in a harsher consistency (Neville, 2011), hence
higher dosages of HRWRA were required to attain the desired flowability. Additionally,
NFC altered the workability of mixtures as it is well known that adding fibers typically
makes cementitious composites harder to work with due to the impacts of friction,
interlocking, and clustering/balling effects (Mehta & Monteiro, 2014). In contrast, the
stiffness of BFP used and the chosen dosage made mixing possible without any noticeable

clustering or balling of the pellets. BFP was also used to substitute fine aggregate (0 to 600
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um), which has a larger specific surface than pellets, hence increasing the amount of free
water available for lubricating and flowability of mixtures.

Air entrainment admixture was incorporated in the mixtures and fresh air content
was recorded to ensure that the air content was set at 6%+1% in composites, which follows
the recommended values indicated in the Canadian and American codes and guidelines for
cement-based materials to resist freezing-thawing exposures (ACI 201.2R, 2016; CSA
A23.1, 2019). The IST and FST results experienced an identical trend to that discussed in
Phase | (Section 4.2). However, it is worth noting that the hardening rates reported here
suggest the applicability of the composites for deployment in repair/overlay field
applications. Indeed, the fresh properties of composites can be further altered by the use of
accelerating or retarding admixtures to satisfy the specific needs of each project.

Table 5. 1: Summary of composites' fresh properties

Flow (mm) Setting time
Mixture .
Time (min) Air Content (%) (min)
ID

0 15 30 45 60 IST FST
B4.5-NFC0.5-C 192 169 149 127 112 6.5 380 550
B4.5-NFC0.5-S 200 180 157 128 114 6.1 390 580
B4.5-NFCO0-C 171 138 128 115 105 5.8 250 385
B4.5-NFCO0-S 179 162 142 123 107 6.2 280 425
B4.5-NFC0.25-C 183 163 145 122 110 6.9 240 410
B4.5-NFCO0.375- 185 168 148 121 112 6.4 280 450

§3.75/C0.0375
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5.2 Mechanical Properties

The average compressive strength at early- and late-ages as well as the flexural toughness
at 28 days of the composites are presented in Figs. 5.1 and 5.2. According to Mehta &
Monteiro (2014), blended binders that contain substantial volumes of slag (a latent
hydraulic binder) often evolve slowly in terms of strength and microstructural development
over time. The findings of this investigation demonstrated that all composites had high
compressive strengths at early ages due to high binder content, low w/b, and employment
of nanomaterials. The compressive strength of the nano-modified composites was between
31 and 38 MPa and 39 to 48 MPa after three and seven days, respectively. These early-age
strength values satisfy the criteria for quick repairs and fast track overlays on concrete
pavements and bridges, which requires a minimum strength of 15 to 25 MPa for early

opening to traffic (e.g., CW3310 R17; Smith et al., 2014).

The addition of either NS, NCC, or a combination of both significantly increased
the compressive strength of the composites with high-volume SCM at early ages (1, 3, and
7 days), conforming to the accelerated hardening rates discussed in the thermogravimetric
analysis and microscopy section in Phase | (pozzolanic effect discussed in Section 4.6).
Due to the extra surfaces that the ultrafine nature of NS provided for the early precipitation
of the hydration products (nucleation effect), the hydration process of cement was ramped
up (Kong et al., 2012). Additionally, agglomerates created by NS were reported to have a
filling impact on the cementitious matrix [Oertel et al., 2013], which results in a densified
microstructure. In addition, according to Kong et al., (2012), water can be absorbed in the
highly present nano-pores of NS agglomerates, lowering the paste's w/b and resulting in a

denser pore structure. Similarly, NCC offered additional nucleation surfaces for hydration
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products to precipitate on, as well as the short circuit diffusion mechanism it provides led
to a significantly higher improvement in the microstructure of the composites (Section 4.6).

The gain in strength was continued for composites at later ages (14 and 28 days)
but at a lower rate. For instance, the average compressive strength of composites was within
the range of 51 to 62 MPa at 14 days and 62 to 75 MPa at 28 days. These compressive
strength ranges at later ages demonstrate the suitability of the composites for high-strength
repair and overlay applications. For repair and overlay applications in concrete pavements
and bridges, the compressive strength required is typically between 35 to 50 MPa after 28
days (e.g., ACI PRC-325.13-06; COW Tender 245-2020).

Moreover, as discussed in the flexural performance in Phase | (Section 4.4), BFP
was the primary factor influencing the toughness of composites, hence all the mixtures
employed the highest allowable dosage of BFP that enhanced the flexural toughness. For
instance, the average toughness for all composites was within 42 to 49 J. This was
attributed to the presence of a lot of pellets at the cracking planes, which restricted and
bridged cracks, causing strain hardening and improving toughness beyond the first-
cracking stage. Moreover, the microgrooves on the surface of the manufactured pellets
were designed to infuse an interlocking effect between the matrix and the pellets by
increasing the contact surface and providing host locations for the deposition of hydration
products (Fig. 5.3). This consequently led to the BFP's high resistance to pullout, which is
the primary toughening mechanism responsible for increasing the ductility of the

composites.
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Figure 5. 2: Flexural toughness of the composites at 28 days. (Note: error bars represent
standard deviation)
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Figure 5. 3: Exemplar SEM micrograph of matrix showing deposition of reaction
products in BFP microgrooves.

Due to the high ductility of the composites, it may be possible to withstand
differential movement brought on by impact loading, structural/thermal stresses, and
shrinkage. Thus, they could allow for thin overlays and/or longer junctions of joint spacing.
This demonstrates the suitability of the composites for use as high-performance overlay for
critical applications such as bridge decks and road joints.

5.3  Fluid Transport Properties

The fluid transport properties were assessed by performing the RCPT test, followed by the
physical chloride penetration depth test. Results of both tests are shown in Fig. 5.4. All
composites had passing charges less than 1000 coulombs at 28 days, classifying their
penetrability as ‘very low’, as stipulated by ASTM C1202-22, (2022) categorizing table.

This can be ascribed to the dense microstructure of the cementitious matrix due to high
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binder content and low w/b. The physical chloride penetration depth, which ranged between
4.3 and 9.1 mm, confirmed the trends found in RCPT results.

The type of nanomaterials added influenced the test result of composites at different
degrees. Composites incorporating NS had lower penetrability values. Several studies
showed that micro-silica affects the ionic concentration of the pore solution, and reduces
the free alkalis content, owing to binding free ions into cement gel (Dean et al., 2006; Shi,
2004). Therefore, when NS is present, it reduced passing charges, partially due to the
decreased ionic concentration in the pore solution, i.e., decreased conductivity. Hence, the
RCPT passing charge indication has been criticized for showing a substantial preference
for pozzolanic additives (Streicher & Alexander, 1995). Generally, all composites had a
very low penetrability, which proves the enhanced densification process in microstructure
of composites incorporating NFC, NCC, and/or NS. Complying with the findings of the
mechanical performance and TGA results. This can be attributed to the short circuit
diffusion mechanism of NCC, NFC and the pozzolanic/filler effects of NS, which markedly
enhanced the composites’ microstructural characteristics as well as the discontinuity of the
pore structure including BFP interfacial transitional zones. Hence, resulting in higher
resistance to infiltration of fluids.

Low penetrability is required by several guidelines and specifications for
repair/overlay systems in concrete pavements and bridges to decrease moisture
infiltration into the cementitious matrix and increase the material's durability against
damage mechanisms such as de-icing salt and frost action. For concrete construction
applications at ages later than 28 days, the proposed maximum passing charges in

accordance with ASTM C1202 are fewer than 1500/1000 coulombs (COW Tender 245-
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2020; Smith et al., 2014), which makes all the composites herein a robust option for

concrete repair works.

BRCPT B Physical Chloride Penetration Depth

1200 2 g
E
1000 { 925°:1 10 f‘;i
a
§ 800 § 6906.3 & 8
e 1 HIN 49 \ &
600 A\ A 6 o
o \ ' 43 § Z
x \ ' N 5
§ 364 § =
400 - § T 284 § + 0
N 1 N S
\ \
200 - § § 2 5’
N A
\ \
O [22] @] [%2] (@) [Te)
> Z pa z z 0 5
2 2 5 5 4 g
2 £ z Z S 22
Z z 5 5 . 2
3 3 ® 2 2 33
m
Figure 5. 4: Fluid transport properties evaluated according to RCPT and physical

chloride penetration depth.

54  Salt Frost Scaling

Figures 5.5 and 5.6, respectively, depict the surface condition and mass loss of the
specimens as a result of simultaneous exposure to salt solution and frost action. The
Ministry of Transportation of Ontario (MTO LS-412 1997) and Bureau du normalization
du Québec (BNQ NQ 2621-900 2002) specify that the salt-frost scaling tests should be
limited to a mass loss of 500 and 800 g/m?, respectively, but both jurisdictions employ
a solution of 3% sodium chloride, which is a less aggressive solution compared to the one

used in this study.
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Generally, all mixtures showed acceptable performance with a total mass loss in
the range of 8.2 to 27.6 g/m? and the visual rating was 0 for all mixtures. This can be
attributed to the mix design parameters (high binder content, low w/b, and dosages of
nanomaterials employed) selected, which led to sufficient microstructural development
after 28 days of moist curing, and very low penetrability as discussed in Section 5.3.

Incorporating nanomaterials (NCC or NS) in binary binder mixtures led to the
noticeable low surface scaling and mass loss of composites. Mixtures B4.5-NFC0.375-
NS3.75/NC0.0375 and B4.5-NFC0.25-NC had the lowest scaled mass of 8.2 and 12.2 g/m?,
respectively. This enhanced resistance to salt-frost scaling conforming to the low fluid
penetration values obtained from RCPT results, which can be ascribed to the nanomaterials
pore blocking action as well as the refined pore structure, which discounted the ingress of
salt solution into the concrete surface, and in turn its vulnerability to critical saturation.
This was confirmed by the greater degree of hydration and pozzolanic reactivity of nano-
modified binders within 28 days shown in Section 4.3. The resistance of nano-modified
composites to stresses brought on by hydraulic and osmotic pressures resulting from frost
action (Karagol et al. 2015; Prado et al. 1998; Powers & Helmuth, 1953) was also

augmented by the high flexural toughness, due to the existence of BFP.
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55  Compatibility with Parent Concrete

5.5.1 Restrained Shrinkage

The results of the restrained shrinkage test are listed in Table 5.2, where cumulative
restrained shrinkage of the composites up to 180 days was measured under an aggressive
exposure in a hot/dry condition for 152 days after 28 days in conventional curing
conditions. This test was performed to account for any surface cracking and de-bonding at
the interface that can result from significant differential deformations between the
repair/overlay layer and the substrate concrete (ACI PRC 546R-14, 2014; ACI PRC-
325.13-06, 2020). In contrast to the rigorous drying conditions used herein, it is plausible
that alternative field conditions, such as frequent increases in RH, precipitation, and/or
temperature drops, can partially reverse or lessen the total shrinkage of composites. In order
to predict performance concerns or restrictions that might exist with composites in the field,
this exposure scenario was chosen.

At early and late-ages the cumulative shrinkage values were influenced by the type
of nanomaterials employed. Mixtures incorporating NCC generally yielded slightly lower
shrinkage rates than their counterpart mixtures incorporating NS. For instance, mixtures
B4.5-NFCO-NC and B4.5-NFCO0-NS had a restrained shrinkage value of 187 and 199
micro-strain, respectively at 28 days. This trend was sustained for all ages, which can be
ascribed to the boosting effect of both NCC and NS on the hydration of the slag-based
composites. It is worth noting that composite B4.5-NFC0.375-NS3.75/NC0.0375 had the
lowest restrained shrinkage values at all ages due to the amalgamated effects of NCC and
NS to achieve a higher reactivity binder particularly with the coexistence of NFC, as

explained earlier.
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The presence of BFP had an impact on the shrinkage behavior of the composites

regardless of the type of nanomaterial(s) employed. As discussed in the flexural toughness

section earlier, the chosen BFP dose was in charge of limiting the composites' shrinkage

by bridging micro-cracks present in specimens, which resulted in low shrinkage values

(Table 5.2) without any evidence of surface cracking. This demonstrated how BFP helped

prevent the composites from shrinking in relation to the parent concrete, hence preventing

the possibility of early-age surface cracking that would jeopardize the integrity of the

repair/overlay system. The harsh drying conditions for 152 days, resulted in the

amplification of shrinkage values. However, due to the restraining effect of BFP, no cracks

were found on the specimens after this drying regime (Fig. 5.7).

Table 5. 2: Cumulative restrained shrinkage test results

Shrinkage (micro-strain)

Mixtures Time (days)

1 3 7 14 28 56 90 180
B4.5-NFCO0.5-NC 61 78 144 154 169 200 302 370
B4.5-NFC0.5-NS 65 82 152 163 179 212 320 392
B4.5-NFCO-NC 68 93 159 170 187 221 334 409
B4.5-NFCO-NS 72 98 169 181 199 235 355 435
B4.5-NFC0.25-NC 50 59 118 127 139 165 249 305
B4.5-NFC0.375-NS3.75/NC0.0375 43 50 101 109 119 141 213 261
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Figure 5. 7: Exemplar surface condition of restrained shrinkage specimen with demic
points for mixture B4.5-NFC0.5-NC.

5.5.2 Pull-Off (Bonding Capability)

The bond strength between the repair/overlay material and parent concrete is one of the
most important criteria in repair/overlay applications. The employment of different
materials may result in compatibility failure at the interface as a result of distinct qualities,
such as modulus of elasticity, thermal, and elastic mismatch (Li et al. 1999). Hence, the
bond strength between the proposed repair/overlay composites and parent concrete was
evaluated by means of a direct tension test (pull-off test) to mimic the worst-case loading
configuration that may occur in the field. Figure 5.8 demonstrates the bond strength values
of composites.

Irrespective of the nanomaterials or NFC dosage employed, all composites had a
close range of 1.06 to 1.57 MPa bond strength, and the pull-off failure location was
captured at the substrate layer, where the assembly failed at the specimen’s weakest
region (10 to 20 mm below the interface). Therefore, the bond strength herein reflected the

tensile strength of the substrate layer (identical mix design) in the test assembly, which
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explains the narrow ranged results obtained for this test. Indeed, the applied curing regime

adopted in this study led to the microstructural growth of mixtures due to high degree of

maturity. It also demonstrated that BFP didn’t have any preferential plastic sedimentation

in the interface region, otherwise it would have resulted in failure at the interface, which

demonstrates the effective compatibility between the repair/overlay layer and substrate

concrete, as well as the robust integrity of the suggested composite to be employed as a

repair/overlay option.
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Figure 5. 8: Bond strength results from pull-off test.
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CHAPTER 6: SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

6.1 Summary

This study responds to the need for improving the overall performance of concrete
infrastructure to achieve longer service life, fewer cycles of repair, and reduced life-cycle
costs. Novel high-performance fiber-reinforced cementitious composites were developed,
which comprised high content (50%) slag by mass of the base binder as well as nano-silica
(NS) or nano-crystalline cellulose (NCC). In addition, nano-fibrillated cellulose
(NFC), and a novel form of basalt fiber strands protected by polymeric resins: basalt fiber
pellets (BFP), representing nano-/micro- and macro-fibers, respectively were incorporated
in the composites.

In Phase I, 15 mixtures were cast, and the mixtures’ performance was assessed
based on fresh properties (air content and setting time), hardened properties (compressive
strength and flexural behavior (pre-and post-cracking at 28 days), as well as durability
(absorption, freezing/thawing resistance), which were augmented by thermogravimetry
and microscopy analyses. Moreover, a statistical model was established from the
experimental program to evaluate the effect of the parameters used herein on the chosen
responses.

Three parameters adopted in the developed models were: nano-particles type
(NCCI/NS), nano-fibrillated cellulose (NFC) dosage, and basalt fiber pellets (BFP) dosage.
The Response Surface Method (RSM), based on Face-Centered Composite Design (FCCD)

was used to evaluate the influence of mixture design parameters on the performance of
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composites. Hence, the independent responses modeled were: initial (IST) and final (FST)
setting times, 7 and 28 days compressive strengths, flexural toughness, and resistance to
freezing and thawing cycles (durability factor) which represent the composites’ fresh,
hardened and durability properties. After yielding the relationship between the parameters
and responses of the model, numerical optimization exercises were conducted to deduce
the optimum mix-design for repair/overlay applications of concrete flatwork.

In Phase I, four selected HPFRCC mixtures, as well as the two optimized mixtures
derived from the optimization scenarios were extracted from Phase | to investigate their
potential to be used as a repair/overlay option for concrete flatwork. These composites were
evaluated in an integrated manner to ensure the suitability of selected mixtures to be used
in the field. Hence, the composites were assessed based on fresh properties (air content,
mortar flow/flow-retention, and setting time), hardened properties (compressive strength
and flexural toughness at 28 days), fluid transport properties (RCPT), durability (salt-frost

scaling) and compatibility (restrained shrinkage and pull-off) with substrate concrete.

6.2 Conclusions

6.2.1 Slag-based cementitious composites incorporating nano-silica, nano-cellulose
material, and basalt pellets (Phase I)

e The statistical models generated showed high reliability due to their strong
dependency on data from the experimental work. Therefore, they can serve as
a tool for predicting responses, enhancing efficiency by tracking changes in any
of the factors selected, and defining the characteristics of nano-modified

cementitious composites.
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Incorporating nanomaterials (NCC/NS) in the binder enhanced the properties
of composites which led to an overall shortening of setting times, increased
mechanical properties, densification of the matrix, and resistance to frost action.
NCC and/or NFC incorporation in mixtures improved the hydration process in
the matrix and attained a higher degree of maturity. This was reflected by the
high early-strength (above 30 MPa at 3 days) of these mixtures in spite of the
high content of slag (latent hydraulic binder).

NCC/NFC amalgamation resulted in superior hardened and durability traits of
composites, due to the presence of superficial hydroxyl groups that can attract
calcium ions, causing cellulose to adhere to cement and slag particles and
creating a network to diffuse water retained by NCC/NFC into the unhydrated
core of particles.

Increasing the dosage of BFP demonstrated its significance in improving the
post-cracking flexural behavior of composites, imposing a strain-hardening
effect when incorporated at a dosage of 4.5% (by volume of composite).

SEM highlighted the optimum design of the micro-grooved BFP, which
allowed for the deposition of hydration/pozzolanic products in the grooves
resulting in a superior bond between the matrix and BFP.

In addition to the particle packing and physical filling effects of NS,
thermogravimetric analysis showed the role of NS in densifying the
microstructure of composites, owing to the rapid pozzolanic activity to produce
secondary and stiff C-S-H gel in the matrix, which conformed to the high

strength results at 3 (38 Pa) and 28 (78 MPa) days.
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e Based on the results in this phase, the incorporation of (up to 3.75%) NS and
(0.0375-0.1) NCC in slag-based composites, with (0.25-0.375) NFC and
(4.5%) BFP, obtained balanced fresh, mechanical, and durability properties.
Hence, these sets of nano-modified composites can present an option for
specialty concrete applications.

6.2.2 Nano-modified slag-based cementitious composites reinforced with multi-scale
fiber systems as a repair/overlay option (Phase I1)

e Based on the result from Phase I, six HPFRCC were chosen for repair testing,
including two mixtures obtained from the numerical optimization exercise
performed in that phase.

e The selected mixtures demonstrated adequate fresh properties that are
compatible with products used by different jurisdictions in field applications.
This was reflected by the results of setting times and flow retention tests.

e All the selected mixtures experienced high mechanical properties, conforming
to the early, and late-age compressive strength, and flexural toughness of many
jurisdictions, which vyielded results up to 38 MPa, 75 MPa, and 49 J,
respectively.

e Composites showed high durability traits in resisting moisture infiltration with
penetrability values less than 1000 coulombs (very low penetrability class in
RCPT), making the proposed mixtures a robust repair/overlay option.

e The synergistic effects of NCC, NFC and NS markedly enhanced the
discontinuity of the pore structure, hence resulting in high mechanical, and

durability properties.
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e The resistance of nano-modified composites to stresses brought on by hydraulic
and osmotic pressures, as well as the pore blocking effects of nanomaterials
resulted in the resistance of composites to salt-frost action, which was
demonstrated in the very low mass loss (below 30 gm) and visual rating values
(Zero rating) of specimens.

e High compatibility features were observed between the proposed repair
materials and the substrate. This is attributed to the presence of BFP, which
controls and bridges cracks. Therefore, the restrained shrinkage test yielded low
cumulative shrinkage results between 261 and 435 micro-strain with no
presence of cracks on the surface of specimens at the end of the test. Moreover,
the pull-off failure location for all composites was captured at the substrate
layer, which indicated that all mixtures had a high bond strength with the parent
concrete.

e Overall, the outcomes of this phase demonstrate the reliability of the proposed
mixtures, especially B4.5-NFC0.375-NS3.75/NC0.0375, to be employed as a
repair/overlay option for a suite of infrastructural repair applications due to its

high fresh, mechanical, durability, and compatibility properties.

6.3 Recommendations for Future Research

e Different mixtures developed in the current thesis present a viable option for a suite of
repair/overlay applications. However, a life-cycle cost analysis should be conducted in
the future, as well as a comparative study to evaluate their economics relative to other

repair products, commercially available.
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The potential for using NFC/NCC at low temperatures should be explored as it would

extend repair and maintenance seasons, if successful.

The proposed composites should be studied under different physical and chemical
exposures to explore their stability under severe conditions.

Conducting field trials to assess the performance of the composites in an uncontrolled

environment is necessary for the acceptance of these composites by the industry.
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Appendix A

APPENDIX A: SUPPLEMENTAL RESULTS FOR PHASE |

Figure A. 1: Sample of nano-cellulose materials: (a) Nano-fibrillated cellulose (NFC),
and (b) Nano-crystalline cellulose.

Figure A. 2: BFP crack bridging mechanism captured after conducting compressive
strength test for specimen B4.5-NFCO0.5-NS: (a) specimen after test ended, and (b) BFP
bridging cracks.
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Appendix A

DENTONWACUUM

Figure A. 3: Carbon coating machine.

Figure A. 4: Carbon coated specimens for SEM.
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Appendix B

APPENDIX B: SUPPLEMENTAL RESULTS FOR PHASE I

-

Figure B. 1: RCPT test set-up and exemplar sample after spraying 0.1M silver nitrate.

115



Appendix B

Figure B. 2: Pull off test sample.

Figure B. 3:Exemplar surface scaling samples.
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Appendix B

Figure B. 4:Exemplar specimens after flexural test cracked at mid-span as stipulated by
ASTM C1609.

Figure B. 5:Exemplar of restrained shrinkage specimen.
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