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Abstract

Aging concrete infrastructure, particularly in colder climates like Canada, demands urgent
maintenance and renewal due to the severe temperature variations. These conditions lead to issues
such as cracking, spalling, and overall deterioration. To ensure the longevity and functionality of
infrastructures, it is crucial to use durable and high-performance materials. Adding fibers to the
concrete mix can improve its toughness and resistance to cracking. Fiber-reinforced concrete (FRC)
can withstand higher tensile stresses and distribute loads more effectively, increasing the overall
durability.

Among various types of fibers, carbon fibers (CFs) have gained significant popularity due to their
unigue ability to confer self-deicing properties to cementitious materials. This characteristic holds
particular importance in colder climates, where maintaining safe and accessible infrastructure,
during harsh winter conditions is paramount. Carbon fiber-reinforced concrete (CFRC) has various
advantages over normal concrete, including self-deicing, high strength, durability, and corrosion
resistance. CFRC's self-deicing capability is achieved through the electrical conductivity of CFs,
which allows an electric current to be applied to generate heat and melt ice or snow. This feature
improves safety by preventing icy surface conditions and lowers maintenance costs for snow
removal and deicing chemicals. CFRC is also highly durable and strong, making it suitable for
infrastructure and architectural construction. Additionally, its resistance to corrosion ensures long-
lasting performance and extends the lifespan of CFRC structures.

Integrating self-deicing CF reinforcement within concrete bus pads offers a practical approach
to leverage their inherent self-deicing property, resulting in heightened passenger safety and
convenience throughout the winter season. With CFs generating heat to melt accumulated ice and
snow, the bus pads retain a snow-free surface, thereby mitigating the potential for slips and
accidents among passengers and pedestrians. This endeavor directly fosters a transit environment
that is safer and more accessible.

While numerous studies have studied self-deicing characteristics of CFRC in colder climates, a
notable research gap exists in examining how CFRC responds to the rigorous challenges of
freezing and thawing (FT) cycles. Despite the extensive exploration of CFRC's ability to melt ice
and snow, the absence of investigations into its deterioration behavior under cyclic freezing and
thawing conditions is a critical oversight. This dissertation aims to fill the existing knowledge gap
and challenges related to the performance assessment of CFRC under cyclic freezing and thawing

loading conditions, as well as introducing an optimized mix design for concrete suitable for colder
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climates. The research methodology involves a comprehensive investigation that incorporates both
destructive and non-destructive testing techniques.

It is clear that a multitude of pertinent factors, encompassing factors such as fiber and aggregate
type, fiber length, cement paste composition, and different admixture can have significant impacts
on the performance of cementitious composites. Within the context of this dissertation, however,
the study has meticulously centered its investigative on carbon fiber's physical properties and its
concentration. In the pursuit of refining the mix design to attain optimal outcomes, the research
engaged in an array of destructive analyses, including compressive strength tests, splitting tensile
strength tests, and flexural strength tests. These tests provide insights into the strength and
structural behavior of CFRC under FT conditions, allowing for an evaluation of its performance.

In conjunction with conventional destructive tests, this research integrated non-destructive
testing (NDT) methodologies to appraise the structural integrity and quality of the CFRC specimens.
Employing advanced techniques including ultrasonic testing, rebound hammer analysis, and
ground-penetrating radar, a comprehensive evaluation was systematically conducted on CFRC
samples subjected to an extensive and rigorous regimen of 300 FT cycles. Throughout this
demanding exposure, the samples underwent the complete array of non-destructive assessments
at regular 30-cycle intervals. This approach was undertaken to meticulously discern and analyze
the cumulative deteriorative effects that emanated from the repetitive FT cycles. These insights
yielded a profound understanding of the durability performance of CFRC under the persistent
challenge of FT conditions.

The synergistic integration of both destructive and non-destructive testing methodologies yields
a holistic and nuanced comprehension of CFRC performance in areas with colder climate such as
Canada. This assimilated knowledge stands as a pivotal cornerstone for the formulation of an
intricately optimized mix design, one fortified to effectively withstand the challenges imposed by
cyclic FT cycles. The research outcomes have the potential to contribute to the advancement of
CFRC technology, enabling its effective use in regions with colder climates and facilitating the
construction of durable and resilient infrastructure in such areas.

The dissertation is divided into three milestones, each with its own set of objectives and tasks,
to systematically address the research questions and challenges related to CFRC.

Milestone 1 encompassed a comprehensive evaluation of mechanical properties and physical
properties in different carbon fiber types, emphasizing a comparative analysis on commonly used
CFs. The research extended to a novel bitumen-based carbon fiber (BBCF) from Alberta, seeking

to understand its microstructure and potential for market adaptability. Techniques such as scanning
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electron microscopy (SEM) and energy dispersive x-ray (EDX) spectroscopy, along with
mechanical and electrical tests, were incorporated to assess the behavior of different types of CFs.
Milestone 1 also presented a novel method using a supplementary cementitious materials (SCM)
fiber coating technology. This breakthrough improved the interfacial transition zone (ITZ) between
fibers and the cement matrix, resulting in improved composite performance. The goal of this
milestone was to meticulously compare and establish correlations between the diverse properties
exhibited by various fiber types. This systematic investigation attempted to identify the best fiber
choice for incorporation into cementitious materials, thereby improving the cementitious
composite's overall performance.

Milestone 2 shifted the focus to investigating the mechanical and fracture behavior of carbon
fiber-reinforced cementitious composite (CFRCC) and the interrelationship between materials
properties and mechanical performance. A systematic approach for Laboratory testing and
structural analysis has been presented in this milestone.

Uniaxial tension tests were performed on dog bone-shaped Carbon Fiber Reinforced Mortar
(CFRM) to analyze the behavior of samples subjected to axial tensile forces. Flexural characteristic
of CFRC samples is key parameter that involves composite behavior under bending loads. While
flexural testing often employs beams, it may not effectively represent the performance of fiber-
reinforced concrete due to considerable differences in cracking behavior of FRC with normal
concrete. This discrepancy is particularly noticeable in slab and pavement applications, owing to
the substantial variability in flexural behavior observed in Fiber-Reinforced Concrete (FRC) beams.
Additionally, the smaller fracture area resulting from a lower count of fibers further compounds this
distinction.

During this milestone, a thorough and comprehensive analysis was conducted, focusing on the
flexural strength of both round panels and beams. The flexural failure observed in round panels
closely emulated the behavior seen in structural slabs, aligning with the principles of the yield line
theory.

The characterization of flexural behavior involved toughness indices and key flexural strength
parameters, including bending strength and modulus of elasticity. This analysis process ultimately
led to the identification of an optimal mix design. This finding underscores the significance of fiber
content in influencing the overall behavior and performance of CFRC composites.

Furthermore, to compare the experimental results of CFRC beam and panel flexure behavior,
an analysis of variance was conducted. This statistical examination unveiled a notable 41%

discrepancy in flexural properties between the two distinct sample geometries. This observation
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highlights the importance of considering sample geometry when assessing the flexural behavior of
CFRC materials.

Milestone 2 also involved a meticulous investigation into the FT behavior of the CFRC samples,
evaluating their durability under the stress of 300 FT cycles. By studying the FT performance of the
CFRC samples, the research aims to gain insights into the durability and resistance of CFRC to the
effects of FT cycles, which can include cracking, spalling, and degradation. This information is
valuable for assessing the suitability and long-term performance of CFRC in colder climates, where
FT cycles are a significant concern.

In Milestone 3, a case study was conducted to evaluate the durability of an electrically
conductive CFRC bus pad. The case study involved integrating sensors within the bus pad to
monitor factors such as strain, temperature, and moisture content. The goal was to assess the

performance and behavior of the CFRC bus pad in real-world conditions.

The research project aimed to gain insights into the structural integrity and durability of the CFRC
bus pad by continuously monitoring its performance using embedded sensors. These sensors
provided data on factors such as strain, temperature variations, and moisture content, allowing
assessment the material's response to environmental influences. The study also focused on
understanding how the CFRC bus pad performed under different operating conditions and evaluate

its ability to withstand environmental factors.

The primary objective of the research project in this milestone was to conduct a comprehensive
performance assessment of CFRC bus pads, encompassing both short-term and long-term
evaluations. Through this assessment, the study sought to gain profound insights into the behavior
and durability of CFRC bus pads. The findings derived from this significant milestone played an
important role in enhancing the design and performance of CFRC materials, ensuring their
suitability for practical applications such as bus pads. Moreover, these findings hold the potential to
inform and shape future advancements in electrically conductive CFRC materials for various other

purposes.
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Glossary

Abbreviation or Symbol

Definition

A

cross-sectional area

As cross-sectional area of fiber

ACI American concrete institute

AEA air entraining agent

ANOVA analysis of variance

ASTM American society for testing and materials
BBCF bitumen-based carbon fibers

CF carbon fiber

CFRC carbon fiber-reinforced concrete
CFRCC carbon fiber-reinforced cementitious composite
CFRCP carbon fiber-reinforced concrete panels
CFRM carbon fiber-reinforced mortar

CFRP carbon fiber-reinforced polymer

CoV coefficient of variance

CSA the Canadian standards association
CT composite theory

DMOE dynamic modulus of elasticity

Ec modulus of elasticity of concrete

= modulus of elasticity of fiber

fe compressive strength

FRC fiber-reinforced concrete

FRCM fiber-reinforced cement mortar

FRCC fiber-reinforced cement composites
FRCP fiber-reinforced concrete panels

FT freezing and thawing

GFRC glass fiber-reinforced concrete

GU general use

HP hammer percussion

HWRA high-range water reducing agent

ITZ interfacial transition zone
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LVDT linear variable differential transformers
PAN polyacrylonitrile

PP polypropylene fiber

PFRC polypropylene fiber-reinforced concrete
PPRM polypropylene fiber-reinforced mortar
PRCP polypropylene reinforced concrete pavement
RF resonant frequency

SARA saturate, aromatic, resin, asphaltene
SEM scanning electron microscopy

SF steel fiber

SFRC steel fiber-reinforced concrete

TAIS traffic accident information system
UrPv ultrasonic pulse velocity
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Chapter 1. Introduction

1.1. Overview

Despite being the most popular and widely used construction material, concrete has a
number of undesirable properties, including brittleness, the presence of microcracks, large
drying shrinkage, low bonding strength in repair applications, low chemical resistance, and the
inability to withstand tensile stresses [1-3]. These weaknesses reduce concrete's durability
over time and, in some cases, result in catastrophic failures of haphazardly designed
structures. Strong and ductile materials, such as steel bars, are commonly used in design to
take advantage of high compressive strength and mitigate the frailty of concrete. These
reinforcements are put in tensile stress zones, preventing concrete from failing in tension.
Under load, micro fractures appear throughout the paste in the interfacial transition zone (1TZ)
between aggregates and cement paste. This process continues until the micro cracks collide
with other micro cracks and merge to form macro-cracks [4]. A fully developed macro fracture
reduces the load carrying capacity of concrete significantly. Concrete is predicted to
collapse suddenly in the absence of steel support. However, even in the presence of tensile
reinforcements such as standard steel rebars, the crack arrest mechanism remains ineffective.
Along with the use of steel reinforcements, the tensile properties of concrete can be increased
by randomly spreading discontinuous fibers into the mixture [3].

Fiber-reinforced concrete (FRC) refers to concrete that incorporates randomly distributed
discontinuous fibers. FRC is a promising composite that effectively addresses the brittleness
of traditional concrete and enhances its versatility. The primary objective of adding fibers is to
control concrete cracking. The inclusion of fibers in FRC not only helps control crack formation
but also extends to the post-cracking stage. The fibers act as bridging elements across cracks,
slowing down the rate at which crack widths increase. This quality is often referred to as post-
cracking ductility in FRC [5]. In some cases, fibers can be utilized for carrying load in non-
structural applications. Figure 1 shows different phases of multiscale crack growth in fiber
reinforced concrete [6].

Fibers can be classified into two major categories:1) macro fibers; 2) micro fibers. Macro
fibers are long thick fibers that can help in load transfer as well as providing the macro crack
bridging property to the mix. On the other hand, the micro fibers are short thin fibers and only
participate providing the post-crack ductility. By virtue of their size, micro fibers can easily
bridge the tensile stress across the ITZ’s, thereby preventing the micro cracks from taking

place [7].
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Figure 1. Schematic description of the fracture process in uniaxial tension and the

resulting stress-crack opening relationship [6]

1.2. Carbon fibers

Among different types of fibers, carbon fiber (CF) has emerged as a game-changing
material with exceptional properties, finding applications across diverse industries. CFs are
manufactured using different precursors, each of which has unigue features that influence the
characteristics of the resulting CF. The three most used precursor materials are

polyacrylonitrile (PAN), pitch and rayon [8].

1.2.1. Polyacrylonitrile (PAN)

Polyacrylonitrile is the most used precursor material in the manufacturing of CF due to its
excellent mechanical properties, including high tensile strength and modulus [8] as well as
resistant to chemical degradation and have good thermal stability [9]. During the carbonization
process, PAN fibers have a relatively high carbon yield, resulting in CFs with a high carbon
content. However, due to the high cost of PAN raw materials and the complexity of the
manufacturing process, PAN-based CFs may be more expensive than alternative precursors
[10].

1.2.2. Pitch

Pitch is a byproduct of the refining of petroleum or the distillation of coal tar. Pitch-based
CFs have a high thermal conductivity, making them appropriate for applications requiring
efficient heat transmission, such as those in the aerospace and energy sectors [11]. Pitch
precursors provide a high carbon output, resulting in high CFs. Pitch-based CFs, on the other
hand, have lower tensile strength and modulus than PAN-based fibers. Pitch-based CF

manufacture is significantly more difficult and requires special machinery [8].



1.2.3. Rayon

Rayon is a synthetic fiber made from cellulose which is primarily derived from wood pulp.
Rayon-based CFs have good mechanical properties, including tensile strength and modulus
that are moderate [12]. Rayon CFs are often less expensive than PAN-based CFs. Rayon
precursors have a lower carbon yield during carbonization, resulting in CFs with a lower
carbon content. However, as compared to alternative precursors, rayon-based CFs are more

flexible and easier to manufacture [13].

1.2.4. Bitumen

Bitumen, a dense and adhesive petroleum substance often known as asphalt, finds
applications in road construction and industrial products due to its durability and weather
resistance. Alberta, Canada, in particular, uses bitumen from oil sands, making it a valuable
resource in a variety of applications. The utilization of Bitumen-based carbon fiber (BBCF)
from Alberta represents an innovative response to the province's commitment to reduce oil
sands usage for combustion purposes. In the pursuit of sustainable and high-performance
solutions, this CF emerges as a promising alternative, bridging the gap between conventional
materials and advanced technologies.

1.3. Carbon fiber application in construction industry
CF has shown great potential for various applications in the construction industry. The
following contains some specific uses of CF in construction industry:

1. Concrete structure reinforcement: carbon fiber-reinforced polymer (CFRP) composites
are used to reinforce and strengthen concrete structures such as beams, columns,
slabs, and bridges [14]. CF reinforcement offers several advantages, including high
tensile strength, excellent fatigue resistance, and corrosion resistance. CFRP
composites are lightweight and have a high strength-to-weight ratio, making them an
ideal choice for increasing the load-bearing capacity and extending the service life of
structures [15].

2. Masonry structure Strengthening: CF sheets or strips can be attached to masonry
elements such as brick or stone walls to increase their strength and seismic resistance.
CF reinforcement increases flexural strength, enhances structural integrity, and helps
in the prevention of cracking or failure under dynamic stresses [16,17] .

3. Structure repair and Rehabilitation: CF composite materials are often used to repair
and rehabilitate damaged or deteriorated concrete structures. CF wraps or plates can
be used to reinforce weak regions like columns, beams, or slabs [18,19].

4. Lightweight structures: CF composites are utilized in the manufacturing of lightweight



structures such as roofs, fagcade panels, and modular components. CF's light weight
facilitates handling, transit, and assembly. Lightweight CF materials can contribute to
energy-efficient construction and lower overall dead load on a building, allowing for
new architectural concepts [20,21].

5. Seismic retrofitting: for seismic retrofitting of existing structures, CF reinforcing can be
used. The ability of a structure to endure seismic stresses is considerably improved by
adding CF composites to vulnerable or weak regions such as joints, connections, or
shear walls. This contributes to the durability and safety of buildings in earthquake-
prone areas [22,23].

CF electrically conductive pavements have gained popularity in recent years due to its
capacity to alleviate snow and ice accumulation on road surfaces. These pavements create
heat through the conductive characteristics of CF, effectively melting snow and ice and
minimizing the requirement for manual snow removal or the usage of chemical deicers [24—
27]. The CFs in the pavement form an electrically conductive network, allowing for the efficient
flow of electrical current. When a current is provided, the resistance of the CFs generates
heat, which is transported to the pavement surface, causing snow and ice to melt [28]. This
technology has major benefits in cold climatic regions because it helps preserve clear and
safe road surfaces, preventing accidents and promoting smooth driving.

While CF electrically conductive pavements, designed to melt snow and ice, are an
innovative approach to winter road maintenance, the technology is still in its early stages, and
comprehensive studies examining the long-term impact of snow and freezing and thawing
(FT) cycle on the pavement's structural integrity are limited. Especially pavements in colder
regions are prone to excessive FT cycles that can have more detrimental effects on the
integrity of concrete structures. This deteriorative damage can be explained by two theories,
hydrostatic pressure theory which suggests 9% expansion of water during freezing leading to
microcracking [29,30] and osmotic theory which is about water vapor pressure difference
between large and small pores that causes water to be forced into smaller pores [31]. There
is indeed a lack of understanding when it comes to the deterioration of CFRC under FT
conditions and comprehensive research is necessary to evaluate its behavior and durability

in the specific intended environment.



1.4. Dissertation Objectives

The main objective of this dissertation is to study can be summarized in the following:

>

Conduct a full physical characterization of the CFs, including microstructural analysis
using SEM and EDX. (Goal: Understand the microstructure and composition of the
fibers.)

Investigate the microstructural characteristics of a new BBCF. (Goal: Assess the
viability and unique properties of the new fiber.)

Perform tensile strength testing, single fiber pull-out testing, and uniaxial dog bone
testing on the fibers. (Goal: Determine the mechanical strength and bonding behavior
of the fibers.)

Measure the electrical resistivity of the CFs. (Goal: Evaluate the electrical conductivity
of the fibers for potential applications.)

Investigate the mechanical and fracture behavior of CFRM with various types and
lengths of fibers. (Goal: Understand the performance and failure mechanisms of CFRM
in order to select concrete mix designs for further analysis.

Conduct tension and flexure testing on CFRC samples to assess their mechanical
behavior, bending strength, and fracture resistance. (Goal: Evaluate the structural
integrity and performance of CFRC under different loading conditions.)

Study the freeze-thaw performance of CFRC samples to evaluate their durability and
resistance to FT cyclic loading. (Goal: Assess the suitability and long-term
performance of CFRC in cold climates.)

Conduct a case study to evaluate the durability of an electrically conductive carbon
fiber-reinforced composite bus pad and assess its performance and behavior in real-
world conditions. (Goal: Assess the performance and behavior of the CFRC bus pad

in real-world conditions.)

1.5. Research Outline

In Chapter 1, the background and importance of the study on CFRC in colder regions are

established. It emphasizes the urgent need for maintenance and repairing of aged

infrastructure, notably concrete bus pads, in colder temperature countries. To assure the

lifetime and functioning of these structures, this chapter highlights the need of utilizing durable

and high-performance materials. It recognizes the scarcity of thorough research on the

performance of CFRC under cyclic FT loading circumstances and indicates the necessity to

examine its application in snowy places. This chapter lays out the foundation for the

succeeding research phases, which aim to design an effective CFRC mix, examine its bonding

behavior, and evaluate its performance under FT conditions.



Chapter 2 which is a conference paper, entails a thorough investigation of the
microstructure of BBCF. The goal of this phase is to get a thorough understanding of the
physical and chemical characteristics of this particular form of CF. To examine and investigate
the physical morphology of BBCF, several characterization techniques such as scanning
electron microscopy (SEM) and energy dispersive x-ray (EDX)are used. Elemental
composition analysis is also performed to determine the chemical elements of the fiber. This
study assists in determining the composition and purity of the BBCF and allows for comparison
with other commonly used CFs such as pitch-based and PAN-based fibers.

The results of microstructural investigation will provide essential knowledge into the distinctive
features and characteristics of BBCF. These findings will serve as the foundation for future
research and development.

Chapter 3 of the dissertation, which is a paper published in a peer-reviewed journal, mainly
focuses on assessing the performance of CF and contrasting it with other types of fibers used
in fiber-reinforced composites. The goal is to evaluate the bonding behavior and pull-out
performance of CF using pull-out tests performed at various curing ages. Important
parameters such as fiber tensile strength, average bond strength, equivalent bond strength,
and average pull-out energy are investigated.

The findings of this chapter provide information into the performance of carbon fiber in FRC
and its suitability for different applications. The study helps clarify fiber selection decisions for
construction and engineering projects by comparing it to other fiber types.

Chapter 4 of the research, which is a presented conference paper, focuses on increasing
the performance of CFs using surface coating methods. A comparative analysis is carried out
to discover the most effective technique for enhancing ITZ and increasing mechanical
characteristics of CFs. SEM is used to investigate the bonding between the CFs and the
matrix, as well as to evaluate the impact of surface treatments on the fiber's surface. Sessile
drop contact angle tests are also used to investigate the fiber's surface wettability, and four-
probe electrical resistivity testing is used to assess the fiber's conductivity. Pull-out testing is
used to assess the interfacial binding strength between the fiber and the matrix.

This knowledge will help the project team optimize surface coating procedures and improve
the overall performance, durability, and application of CFRCC in following stages.

Chapter 5, which is a published paper in a peer-reviewed journal, focuses on the use of
CFs as micro-reinforcement in round panels to avoid or retard crack development. This phase
evaluates the yield-line theory for concrete pavements, as opposed to prior analyses that were
confined to laboratory-scale samples. CF content and length are evaluated and compared to
polypropylene fiber in terms of fresh properties and mechanical characteristics. A complete

investigation of flexural strength using composite theory is included in the chapter, along with



predictions compared to experimental data. Concrete round panels are tested under center-
point bending to determine the failure mechanism using yield-line theory. Overall, this chapter
provides light on the practical application of CFRC in circular panels.

Chapter 6 of the thesis, which is a paper presently submitted in a peer-reviewed journal,

focuses into the degradation of CFRC subjected to FT cycles. The use of CFs in concrete
structures in snowy locations has grown in favor due to its self-deicing capabilities. However,
there are uncertainties about how CFs affect the FT behavior, mass loss, and dynamic
modulus of elasticity of concrete.
The study focuses at five different CFRC combinations with varied CF dosages (0.5%, 1%,
2%, and 3%). Every 30 FT cycles, non-destructive tests are performed to evaluate the quality
of the concrete. The results offer experimental evidence of the effect of FT cycles on CFRC
and emphasize the importance of fiber dosage.

Chapter 7 of the dissertation, which is a published peer-reviewed journal paper, presents
the results of a case study comparing the performance of a CFRC bus pad with a normal
concrete bus pad. The goal is to compare the real-time performance of the CFRC bus pad to
that of a standard concrete bus pad. A variety of wireless sensors, including temperature and
humidity sensors, thermocouples, and strain gauges, were placed in both pavements during
construction. Data from both bus pads was collected on a regular basis, including visual
inspections with a thermal imaging camera. Non-destructive testing (NDT) such as Schmidt
Hammer (SH), Electrical Resistivity (ER), and Ultrasonic Pulse Velocity (UPV) were performed
on both bus pads after 28 days of construction.

Overall, the case study provides valuable insight on the performance differences between
CFRC and conventional concrete bus pads. These findings add to our understanding of how

CFRC might improve the lifetime and durability of infrastructure.



1.6. Research Contribution

The research contribution of this dissertation can be summarized in the following:

>

This dissertation provides a full grasp of the physical and chemical properties of BBCF
through microstructural examination techniques such as SEM and EDX. The findings
add to the body of knowledge by providing critical information on the distinguishing
traits and characteristics of BBCF, allowing for further research and development of
this newly developed CF.

This dissertation compares CF's bonding behavior and pull-out behavior in fiber-
reinforced composites to other types of fibers used in construction. The analysis of
critical metrics such as fiber tensile strength, bond strength, and pull-out energy
reveals information on the performance of CF.

This dissertation investigates several surface coating strategies for improving the 1TZ
and mechanical properties of CFRCs. Using a novel fiber coating technique, this
research contributes to optimizing surface coating procedures and improving the
overall performance and durability of CFRCC by investigating the bonding between
the CFs and the matrix, as well as evaluating the impact of surface treatments on the
fiber's surface.

Using the yield-line theory for concrete pavements, this dissertation investigates the
use of CFs as micro-reinforcement in round panels to avoid fracture development. The
investigation of flexural strength utilizing composite theory, as well as the evaluation
of CF content and length, adds to practical insights into the application of CFRC in
circular panels.

The dissertation emphasizes the context and significance of exploring CFRC in colder
regions, highlighting the critical need for long-lasting and high-performance materials
for infrastructure maintenance and repair in colder climate countries. It acknowledges
the scarcity of comprehensive research on the performance of CFRC under cyclic FT
loading conditions and comprehensively investigate its applicability in snowy areas.
The experimental evidence collected from evaluating concrete quality following FT
cycles provides important insights into the impact of FT behavior and fiber dosage on
CFRC.

The dissertation includes a case study that compares the real-time performance of a
CFRC bus pad to that of a typical concrete bus pad. The study provides useful insights
into the performance differences and potential advantages of CFRC in terms of lifetime
and durability for infrastructure applications by utilizing embedded sensors and

conducting non-destructive testing.



1.7. Research Limitation

Several challenges have emerged throughout the research work that can be summarized as
following:

1- The procurement of BBCF fiber was a challenge as only 7 grams were received, limiting
the microstructure analysis.

2- The brittleness of BBCF resulted in difficulties in microstructural testing, and its tendency
to transform into powder upon touch made mechanical testing nearly impossible.

3- The micrometer diameter of CF made performing electrical resistivity, pull-out, and
contact angle tests on a single fiber unfeasible.

4- Monitoring the electrical resistivity of Fiber-Reinforced Concrete (FRC) samples during
Freeze-Thaw (FT) testing could significantly contribute to investigating the self-deicing
properties of the composite. However due to the FT concrete molds, it was not possible to
insert any electrodes.

5- The non-destructive equipment and sensors used in this research were initially designed
for non-conductive concrete. However, the incorporation of carbon fibers rendered some
devices inapplicable, as the presence of carbon fibers interfered with the signals of these
devices

6- The initially planned 225 mm 40 MPa concrete pavement deviated significantly from the
design due to the project being handed over to a local contractor.

7- The concrete pavement, utilized as a daily bus stop, presented challenges for regular

monitoring, thereby affecting the frequent assessment of its condition.



Chapter 2. Microstructural properties of carbon fibers

Paper Title: Microscale characteristics of new Bitumen-Based Carbon Fibers

Author(s): Maryam Monazami, Rishi Gupta

This paper was presented at the 2nd International Conference on New Horizons in Green Civil
Engineering in Victoria, BC and has been subtly modified to ensure alignment with the
dissertation's integrity and overall flow [29]. It focuses on the microscale characteristics of a
new type of carbon fiber called bitumen based carbon fiber (BBCF). The chapter demonstrates
the use of various microscale techniques to investigate different properties of this new
precursor material, which is used in the production of carbon fiber. The research aims to
provide insights into the microscale behavior and properties of BBCF, contributing to the

development and understanding of carbon fiber characteristics.

2.1. Introduction

Industries have shown a growing interest in utilizing sustainable and renewable materials
in the development of new composites. This interest stems from the desire to enhance specific
properties of composites while ensuring their environmental sustainability. As a result, a wide
range of shapes and materials, including both synthetic and natural materials, are being
employed in various products. One approach to enhancing composite properties is through
the incorporation of additional reinforcements, such as fibers. By adding fibers to composites,
manufacturers can extend and improve their overall properties, aligning them with the
requirements of diverse engineering applications. These improvements encompass both
economic and functional aspects, making the compaosites more cost-effective and suitable for
a broader range of applications. According to ACI 544 committee [30], there are four
categories for FRC: SFRC (steel fiber reinforced concrete) GFRC (glass fiber reinforced
concrete), SNFRC (synthetic fiber reinforced concrete) and NFRC (natural fiber reinforced

concrete).

Among the many different types of fibers that are being used in concrete, CFs have been
extensively exploited over the past few years due to their self-sensing ability. CFs can be
classified as synthetic fibers. CFRC is highly suitable to maintain the longevity of infrastructure
where corrosion of steel can shorten the useful service life of the structure. Therefore, this
chapter presents an overview of the developments made in the area of carbon fiber
cementitious composite (CFRCC) in terms of their types and properties, morphology, and

application in concrete, and introduces a new type of BBCF for future applications that
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underscores the roles of material scientists and manufacturing engineers for the future of this

new CF through value addition to enhance its use.

Different industries, including aerospace, automobiles, construction, sports, and
transportation, have embraced the use of CFs for distinct purposes. The concept of CFRC
emerged in the 1980s, primarily by utilizing affordable pitch-based CFs [31]. One of the first
studies on the incorporation of CFs in cement mortar was done by Ohama et al. [32], who
reported that increasing the content of pitch CFs will improve the hardened properties of
mortar. However, 3 mm CFs showed better results in comparison with 10 mm fibers. In the
early 1990s, Banthia et al. [33] investigated the impact resistance of CFRM. A significant
increase in fracture energy was observed in carbon fiber reinforced samples. A
comprehensive study was done by Dr. Chung’s research group about CFs [34-39,3]. The
capability of concrete for detecting flaws [34] was studied and the new type of concrete was
introduced as a new strain-stress sensor [35]. Traffic monitoring, fatigue damage self-
monitoring and drying shrinkage of CFRC were also investigated [36—38]. The results
approved the positive effects of reinforcing concrete with CFs. However, in recent years, many
researchers have focused on the special effects of CFs in concrete, such as ice prevention
[40], deicing [27,41], reinforcing pervious concrete [42], being used in repair material [43] and
other special properties [44—46] that make it a special type of fiber with multiple beneficial

aspects.

This chapter provides a concise review of recent advancements in CFRC as well as
introduces a new sustainable and low-cost type of BBCF. A systematic study on the
microstructure and elemental composition of Bitumen-based, Pitch-based, and PAN-based
CFs was carried out to compare the newly introduced fiber with the previously widely used
CFs. SEM was carried out to investigate the physical morphology, including surface texture of
the three groups of fibers and EDX was employed to obtain the elemental spectrum of the

specimens.

2.2. Carbon fibers

2.2.1. Properties

CFs possess beneficial properties that have the potential to greatly improve the behavior
of concrete, particularly in terms of durability and strength. However, it is important to note
that commercially available CFs are generally more expensive compared to other fiber types.
These fibers exhibit high tensile strength and elastic modulus, with specific values varying

depending on the type of fiber used. Another valuable characteristic of CFs is their chemical
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inertness, rendering them resistant to most chemicals. CFs can be broken down into two major
subcategories called PAN and pitch, which are created by different precursors and thus yield
different mechanical and physical properties [47]. Apart from PAN and Pitch precursors, there
are additional precursors used for CF production, such as cellulosic, silk, chitosan, and rayon.
CFs can also be classified on the basis of the fiber structure and degree of crystallite
orientation: ultrahigh-modulus (UHM), high-modulus (HM), intermediate-modulus (IM), high-
tensile-strength (HT), and isotropic CF [48]. Table 1 shows the classification of CFs [48].

Table 1. Classification of carbon fibers

Heat
.Carbon treatment Crystallite orientation Long-distance order Classification
fiber type | temperature
0
Type 1 UHM
high > 2000 Mainly para_llel to fiber High HM
axis
modulus
Type 2 . . IM
high ~ 1500 Mainly para]lel to fiber Low HT
axis
strength
Type 3 < 1500 Random Very low Isotropic
isotropic

2.2.1.1. PAN fibers

Over the years, acrylic precursors have been used for CF preparation by many
manufacturers. Polyacrylonitrile (PAN) is the most commonly used acrylic precursor to create
CFs. Approximately 70-80% of commercially produced CFs are created from PAN polymers
[49]. PAN CFs are produced by carbonizing polyacrylonitrile at high temperatures and then
aligning the crystallites by stretching to create the fibers [47].

2.2.1.2. Pitch fibers

Precursors for pitch CFs have a high modulus of elasticity in comparison to PAN CFs.
Although the elasticity is high, pitch CFs have poor compressive properties when compared
to PAN fibers. Pitch precursors are usually a mix of polyaromatic molecules and heterocyclic
compounds. Normal pitch fibers are produced by refining petroleum or the distillation of coal,

which tends to be a less expensive process than producing PAN fibers [48].

2.2.1.3. Morphology

Chae et al [50] have reported that most PAN-based CFs exhibit a particulate morphology,
whereas pitch-based CFs exhibit a sheet-like morphology. PAN-based CFs show higher

tensile and compressive strengths than pitch-based CFs because PAN-based fibers consist
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of particle-like structures and smaller crystals in comparison with the sheet-like structure and
larger crystals in pitch-based fibers. However, it is important to note that reports on the
morphology of CFs can vary across different research papers and depend on the specific
classification of the fibers being studied. Different manufacturing processes, precursor
materials, and conditions can influence the resulting morphology of CFs, leading to diverse
observations in different studies. In a study by Kim et al. [51], the SEM photos of PAN film
show that they are relatively flat and exhibit a dense sponge-like structure. Naito et al. [52]
suggested that there is a big difference in the morphology of high and ultra-high strength PAN-
based CF with high modulus pitch-based CFs. From the SEM photos, the fractured surfaces
of the high and ultrahigh strength PAN-based CFs exhibit a rough, rather poorly defined
granular texture with no indication of sheet-like structures, but high modulus pitch-based CFs

have slightly sheet-like structures in their cross sections.

2.2.2. Carbon fibers in concrete

CFs are usually added to concrete to give it the property of self-sensing [53]. By adding
CFs to concrete, the resulting electrically conducting concrete can serve as a smart structural
material capable of non-destructive electrical probing for flaw monitoring [34]. There have
been numerous studies that have investigated the effects of the incorporation of different types
of CFs in concrete. Table 2 shows the properties of some types of CFs used in concrete.

Table 2. Carbon fiber properties in previous studies

Length Equivalent Specific Tensile Elastic
Type ) : strength Modulus  Reference
diameter gravity
(mm) (um) (Mpa) (Gpa)
PAN 3 18 650 35 [54]
PAN 5 7 >1.75 1950 >175 [55]
PAN spool - 1.6 3600 230 [56]
PAN 6.5 1.79 4000 240 [57]
PAN spool - 1.6 5600 276 [56]
Pitch 51 10 1.6 690 48 [34]
Pitch 5 10 [37]
Pitch 5 15 1.6 690 [58]
Pitch 5 15+ 3 1.6 690 48 [36]
Pitch 5 7 1.78 >3000 220-240 [59]
Pitch - 11.49 - 3200 940 [60]
pitch 7 - 3530 920 [61]
weave
Pitch 5 11.55 - 4000 935 [62]
x 5 7 1.6 2500 240 [63]
x 5 7 >1.75 1950 >175 [64]
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Chen et al. [65] investigated the conductive behavior of CF cement-based composites. The
influence of CF volume, size, cement-based matrix, relative humidity and curing age on the
characteristics of the new composites was studied in the investigation. The results showed
that the relationship between conductivity and volume fraction of CF obeys the statistical
percolation theory, and the theory is applicable for the change in conductivity of a system with
the volume of CF.

Shi et al [36] were one of the first researchers to investigate the effects of CF being used
for traffic monitoring. They added 5 mm pitch carbon into their concrete mixtures (0.5% and
1% by weight of cement) and reported that self-monitoring concrete containing short CFs is
effective for traffic monitoring and weighing in motion. The results showed that that the
resistance decreases reversibly with increasing stress up to 1 MPa and is independent of
speed up to 55 mph. Other researchers also approved the effects of other carbon products

such as carbon black filler and carbon nanotubes to be used in traffic monitoring [66,67].

The capability of CFs to be used as thermal sensors has been reviewed in several studies
[68,64,55,69]. In 1999, Mingging et al. [68] examined the relationship between the temperature
differential and thermoelectric force in CFRC. The results showed that thermoelectric force is
proportional to temperature change over a wide range of temperatures, and the self-
monitoring CFRC possesses high sensitivity and good repeatability. The final result revealed

that CF can be used as a thermal sensor embedded in massive concrete structures.

Piezoelectric and piezoresistive properties of CFs in mortar and concrete were also studied
by a few researchers. Sun et al. [64] studied the piezoelectric properties of concrete with short
CFs under dynamic loading. The results revealed that the new composite can be used as a
good sensor for monitoring dynamic loading. Azhari et al. [53] worked on developing a new
composite with 5 mm pitch-based CFs and carbon nanotubes that enhance the electrical
conductivity of concrete. The results showed that under cyclic loading, the changes in
resistivity mimic the changes in applied load and material strain with high fidelity. Bontea et
al. [70] classified damage in concrete in two groups of minor and major damage and studied
the effects of adding short pitch CFs on the resistance of concrete. Fibers in the amounts of
0.5, 1 and 2% by weight of cement were used in concrete samples and the damage in concrete
reinforced with short CFs was monitored by measurement of the DC electrical resistance in
the stress direction during repeated compressive loading at increasing and decreasing stress
amplitudes. A minor damage that didn’t change the compressive modulus being revealed by
a partially reversible increase in resistance was resulted from the invetigation, which occurred
mainly during loading, particularly at a stress above that in prior loading cycles. The results

also showed that that major damage that was accompanied by a decrease in modulus was
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revealed by the damage-induced resistance increase occurring in every loading cycle

irrespective of the prior loading and by an irreversible increase in the baseline resistance.

During the past few years, self-heating concrete has become an attractive topic among
researchers. The aim is to produce a type of concrete that can thaw the snow and ice above
it. Gomiz et al. [71] studied the self-heating property of carbonaceous cement paste produced
by the application of an electric current to conductive cement pastes. One of the carbonaceous
materials was the 3 mm CF used in the cement paste. The results indicated that addition of
carbonaceous compounds to cementitious materials will reduce the electrical resistance of
the resulting material, so that application of a potential difference produces an electric current
by the Joule effect, which quickly melts the ice accumulated or prevents its formation. Galao
et al. [40] also conducted research on the feasibility of conductive CFRC as a self-heating
material for ice formation prevention and curing in pavements. Tests were carried out in lab
ambient conditions at different voltages and then specimens were put in a freezer at 15 °C.
The specimens inside the freezer were exposed to different fixed voltages when reaching +5
°C for prevention of icing and when reaching the temperature inside the freezer, i.e., -15 °C,
for curing of icing. The test outcome revealed that that the new type of concrete with 2%
oxidized PAN CF (by weight of cement) could act as a heating element in pavements with a
risk of ice formation. It also consumes a reasonable amount of energy for both anti-icing and
deicing. Wu et al. [41] used three kinds of electrically conductive materials in concrete, namely
steel fiber, carbon fiber, and graphite to deice concrete pavements. The results revealed that
1% volume fraction of steel fiber, 0.4% volume fraction of carbon fiber, and 4% volume fraction

of graphite are the optimum percentages for deicing pavements.

2.2.3. Bitumen

Bitumen is a semi-solid material that can be produced either from certain crude oils or in
nature as “natural asphalt”. Bitumen consists of a mixture of hydrocarbons of different
molecular sizes containing heteroatoms like Sulphur and nitrogen as well as traces of metals
like vanadium and nickel, However, the true nature of bitumen is not completely known.
Recent studies on bitumen chemistry describe that bitumen is a colloidal dispersion of
asphaltenes in maltenes [72]. According to SARA separation, bitumen can be classified into
four groups: saturants, aromatics, resins and asphaltenes [73]. High-quality CFs can be
produced from bitumen due to its composition and molecular constituents [74]. Bitumen has
the potential to be utilized in the production of PAN and potentially pitch product. This can be
achieved by processing cracked gas derived from bitumen. The distinctive high-asphaltene
content found in oil sands bitumen makes it a particularly suitable raw material for these

processes [75].
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2.3. Fiber characterization

Three types of pitch, bitumen and PAN-based fibers according to Figure 2, were
investigated in this study. Pitch fibers were acquired from Mitsubishi Chemical Carbon Fiber
and Composites and PAN fibers were acquired from Teijin Chemicals. The properties of fibers
as provided by the manufacturers are summarized in Table 3.

Table 3. Properties of fibers

Tvpe Equivalent Specific Tensile strength Elastic Modulus
yp diameter (um) gravity (MPa) (GPa)

Pitch 11 2 2345 186

PAN 7 1.8 4890 227

(@) (b) ()

Figure 2. a) pitch-based carbon fibers b) bitumen-based carbon fibers c) PAN-based carbon
fibers

2.3.1. Scanning electron microscopy

Figure 3 shows the morphology of the microstructure of the three types of fibers. It is evident
that both pitch-based and PAN-based fibers exhibit a textured outer surface, while the surface
of the BBCF appears smoother in comparison. The presence of this rough texture can
enhance mechanical anchoring within composite materials by improving the quality of the
fiber/matrix interface [76]. Figure 4 shows SEM photos of the newly developed BBCF at
different scales and locations. The cross-section of this fiber is circular, and the fibers are
arranged in parallel to each other in a bunch. Furthermore, the thickness of fiber ranges from
10 to 15 pm. The SEM photo of the cut surface of the fiber confirms its smooth texture on the
diameter.
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Figure 3. SEM photos of a) pitch-based carbon fibers b) bitumen-based carbon fibers c)
PAN-based carbon fibers

\

Figure 4. SEM photos of a) cross-section b) longitudinal view and c) bunch of bitumen-based
carbon fibers

2.3.2. Energy dispersive x-ray

EDX was tested at least on three different points and surfaces on fibers to confirm the
validity of the results. EDX results can be found in Figure 5. EDX provides information on
carbon (C), Oxygen (O), Nickel (Ni), Vanadium (V), Titanium (Ti) and Sulphur (S) content of
three groups of CFs. As expected, carbon is the primary component in all types of fibers, but
the carbon content varies among different fibers. In the case of BBCF, the carbon content of
81% is relatively low compared to other available fibers. Moreover, BBCFs contain
approximately 6% of Sulphur which necessitates further investigation and analysis of
additional samples. Other types of pitch and PAN fibers didn’t show any traces of Sulphur in

their combination.
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Figure 5. EDX results of a) pitch-based b) bitumen-based c) PAN-based carbon fiber

2.4. Alberta bitumen-based carbon fiber microstructural analysis

To conduct a more comprehensive analysis of the microstructure of CFs, a second round
of analysis was performed, involving a larger number of samples. In this second round, point,
area, and line scans using EDX were conducted on the BBCF. The focus was on investigating

the surface, diameter, and composition of the carbon fiber.

The SEM photos of the BBCF, as shown in the Figure 6, reveal several noteworthy
observations. Firstly, many of the CFs appear to be broken in the SEM images, indicating
potential fragility or brittleness of BBCF. Additionally, a significant number of fibers that
showed cylindrical microstructure are hollow inside. The diameter of the fibers varies
considerably, ranging from 16.7 to 38.6 micrometers, indicating a wide size distribution.
Furthermore, the SEM images demonstrate the presence of micropores on the surface of the

BBCF, suggesting potential porosity within the fibers.
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Figure 6. SEM of BBCF

Figures 7-9 show the elemental map, elemental point analysis and line scan profile of the
BBCF. The results obtained from the subsequent round of EDX analysis further validate the

initial findings and confirm the presence of sulphur in the BBCF.

The elemental map provides a visual representation of the distribution of different elements
within the CFs, confirming the presence and concentration of sulphur in specific areas. The
line scan profile offers a quantitative analysis of the elemental composition along a designated
path, shows a very small sulfur peak corresponding to the BBCF samples. Additionally, the
elemental point analysis focuses on specific locations to provide detailed information about
the presence of around 5% sulphur on the fiber surface. By conducting this additional EDX
analysis, the presence of sulphur in the BBCF is unequivocally confirmed.
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Figure 8. Elemental point analysis of BBCF
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2.5. Conclusion

This chapter presents a review of various CFs available today that can be used for
producing cementitious composites. In this chapter, the properties of a new carbon fiber
extracted from bitumen were studied in order to evaluate the possibility of using it as
reinforcement in cementitious materials. The following conclusions were drawn from the

results of the microstructural tests of this new natural fiber.

e The study of the surface morphology by SEM revealed that the cross-section of BBCF
has a circular shape similar to other fibers and the surface of it is smooth. BBCFs are

in parallel to each other in bundles.

e EDX results showed around 6% of Sulphur in BBCF which necessitate the need for

further confirmatory investigation.

o The BBCF exhibits notable variations in diameter, ranging from 16 to 43 micrometers.
This wide range in diameter influences its mechanical and performance

characteristics.

e The surface of the BBCF from Alberta is adorned with numerous small pores. These
pores could play a role in influencing properties such as porosity, absorption, and

interfacial interactions.

o BBCF has a different structural appearance compared to other fibers, with certain
fibers showing a hollow cylindrical design while others remain solid. This variation in
fiber structure can significantly influence the fiber's performance, as evidenced by

fractures occurring at points where solid transitions to hollow.
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Chapter 3. Effect of curing age on pull-out response of carbon fibers

Paper Title: Effect of curing age on pull-out response of carbon, steel and synthetic

fiber embedded in cementitious mortar matrix.

Author(s): Maryam Monazami, Rishi Gupta

The paper has been published in a peer-reviewed journal [77] and has been subtly modified
to ensure alignment with the dissertation's integrity and overall flow. The study focuses on
investigating the interfacial bond properties between fiber and matrix in fiber-reinforced
composites, as this bonding directly influences the mechanical behavior of the composites.
The objective of the chapter is to investigate the interfacial bond properties between fiber and
matrix in fiber-reinforced composites by analyzing the pull-out responses of carbon, steel, and
synthetic fibers embedded in a cementitious mortar matrix at different curing ages. The study
aims to evaluate fiber tensile strength, average bond strength, equivalent bond strength, and
average pull-out energy, while also examining the failure modes of different fiber types.
Additionally, the research aims to compare the pull-out load, bond strength, and tensile
strength among the different fiber types and determine the influence of curing age on these
properties. By achieving these objectives, the study enhances understanding of the fiber-
matrix interface bonding behavior, contributing to the optimization and improvement of fiber-

reinforced composites.

3.1. Introduction

Fibers primarily contribute to post cracking behavior of a compaosite by transmitting forces
via fibers that bridge cracks [78]. The aforementioned transmission of forces is achieved
through interfacial bonds defined as the shearing stress at the interface between the fiber and
the surrounding matrix [79]. However, if the interfacial bond between the fiber and the
surrounding cement matrix is weak, the fiber will slip within the surrounding matrix and cannot
help preventing crack propagation. Conversely, if the bond is too strong, fibers may rupture
before they can help improve the post-crack strength of the matrix [80]. Due to the effects of
interfacial bond strength on post-crack behavior as well as the significant influence of the fiber-
matrix ITZ on the mechanical and long-term behavior of fiber-reinforced cement composites
(FRCC) [81], bond behavior in FRC is recognized as a major factor in composite action [80].
However, understanding bond characterization in FRCC is complex because of the
simultaneous actions of several bond components including: 1) physical and chemical
adhesion between fiber and matrix; 2) the mechanical component of bond such as in

deformed, crimped, and hooked fibers; 3) fiber-to-fiber interlock; and 4) friction [82].
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There are different pull-out techniques suggested by researchers to determine interfacial
strength parameters in FRCC. One method involves single fibers that are pulled out of a
cylindrical specimen in which the specimen was directly glued to a bottom plate [7]. Another
method [79] includes embedment of a single fiber in a cement matrix block. The top end of the
fiber is held by a grip, and the bottom end is attached to a linear variable differential transducer
(LVDT) connected to the bench of the machine. A method proposed by Singh et al. [83]
consists of pouring wet mortar in a small cylindrical mold (2-mm in diameter by 50-mm long)
and putting the fiber in the matrix from the top and holding it in a slot. Another method
suggested by Rato et al. [84] consists of putting each fiber in a dog-bone-shaped mold. This
involves putting 25 mm embedded length on each side of a plastic separator located in the
middle of the mold.

Despite a variety of pull-out techniques, calculation of interfacial bond strength between
fiber and matrix and fiber pull-out energy is still one of the common approaches to determine
the performance of fiber in FRCC. In recent years, considerable progress has been made in
practical aspects of pull-out experiments as well as in the methods of data acquisition.
However, an analysis of the force—displacement curves obtained from pull-out tests still yields
useful information which characterizes fiber—matrix interfacial bond properties more
adequately.

Numerous investigations have been conducted to determine fiber—matrix interfacial bond
properties. Steel fibers (SF) are one of the common types of fibers used to reinforce concrete
and as a result many research studies focused on bonding strength of SF in cementitious
materials. Steel fibers are available in different shapes to be used in concrete. Naaman et al.
[79] studied three types of steel fibers (smooth, deformed, and hooked) embedded in low,
medium and high strength concrete. The pull-out test result showed that deformed fibers
resisted pull-out in an oscillatory fashion, while hooked fiber resistance consistently decreased
as the hook straightened as it traveled through the tunnel. Abu-Lebdeh et al. [85] reported that
hooked end steel fibers showed 88-160% and 14-137% increase in the peak load and pull-
out energy subsequently when they were compared to smooth steel fibers in concrete. It is
also reported that hooked end steel fibers with smaller diameter show better fiber-bond
behavior [86]. Other important parameters in the pull-out behavior of steel fibers such as
embedment length [87], embedment inclination [88], loading rate [89], fiber distance [90], fiber
coating [91] and matrix strength [85] effects have also been studied in recent years.

There is an increasing demand for other types of fibers such as synthetic macro fibers (Sl)
and CFs to be used in FRCC such as ground slabs and precast members [92,93]. Several
studies on the synthetic fiber pull-out behavior in cement-based composites have been
conducted. Straight SI were reported to show poor bonding behavior in matrix [94] and

crimped-shaped S| were reported to be the optimum shape when used in concrete [95]. The
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effects of embedment length and loading rate were investigated by Babafemi et al. [92], and
the results showed that the pull-out strength of synthetic macro fiber is dependent on loading
rate. Specifically, that a higher loading rate resulted in higher pull-out strength at all the
embedment lengths.

Cement-based composites with short CF are attractive due to their high flexural strength,
high toughness and low drying shrinkage in addition to their strain sensing ability
[38,96,59,93,97]. CF when compared to other types of fibers are generally more expensive.
However, using CFRCC as multifunctional structural elements can reduce costs and increase
the durability of the composite once placed in service conditions [93]. This multifunctional
composite shows superior structural functions such as enhanced mechanical strength [54,98]
as well as non-structural functions such as its self-sensing ability [38, 97, 98] attributed to the
excellent mechanical properties and light weight of CF. Commercially available CFs usually
come in bundles, however, studies in which CF are dispersed uniformly have rarely been
conducted [2]. Lu et al. [101] conducted a study on the effect of nano-SiO2 surface coating
was evaluated using single CF pull-out test in which the interfacial strength of the coated CF
in cement matrix is reported to be significantly higher in comparison to that of plain CF.
However, to the authors knowledge, no work has been published to assess the interfacial
transition zone between the cement matrix and CF bundle and as a result, further study is
needed to evaluate the bond behavior of CF bundles in the cement matrix.

Although a large number of studies have been developed to investigate the effect of curing
age on the pull-out behavior of steel fibers, it is still difficult to find information related to the
curing age effect on CF and Sl interfacial bonding. Jewell et al. [80] recently investigated the
effect of ageing (1 to 56 days of curing) on bond strength of steel and polypropylene fibers
(PP), and the test results revealed that low-modulus PP are best suited to resist pull-out forces
at early ages of curing (<7 days), while SF have the highest bonding strength at 28 days of
curing. In another study by Le et al. [102] bond strength of steel fibers in different ages and
storage conditions was investigated until 120 days. The results showed that bond strength
of steel fibers, cured in water for 28 days and then stored in air until 120 days increased, while
the bond strength of steel fibers cured in water for 120 days decreased by time.

While there is still a perceived lack of information on pull-out behavior of CF reinforced
cementitious composites and the effect of matrix aging, an experimental procedure was
developed in this research to investigate and compare the effects of fiber type and curing age
simultaneously. In this chapter, a series of pull-out tests were performed at different ages
using the pull-out method suggested by Ratu et al. [84] in which the load and the displacement
were accurately measured simultaneously. Pull-out behavior of four different fiber types (SF,
Sl, PAN-based CF and pitch-based CF) were investigated. The pull-out loads versus

displacement, peak loads, dissipated bond energy and equivalent bond strength were
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evaluated. According to the results, different failure patterns were recorded based on the fiber
type. CFs experienced a sudden drop after reaching the peak load whereas, the load decrease
in steel and synthetic fibers was not as abrupt. Results also confirmed that steel fibers
exhibited the highest pull-out load and energy absorption capacity followed by lower values
for synthetic and CFs. While monofilament of steel fiber was able to absorb 1050 N.mm,
monofilament of synthetic fiber and twisted bundles of CFs could absorb 277 and 55 N.mm
respectively. However, the bond strength of straight CFs was comparable to that of synthetic
fiber and still lower than that of steel fiber. It was also derived from the experimental data that
an increase in cement matrix age correlates to an improvement in fiber maximum pull-out load,

bond strength and tensile strength. These parameters were identified and compared in all fiber

types.

3.2. Experimental investigation

3.2.1. Materials and cementitious mortar

Natural river sand meeting ASTM C778 [103] was employed as fine aggregate and crushed
stone was used as coarse aggregate. The gradation curve of the aggregates is presented in
Figure 10. According to ASTM C136 [104], the fineness modulus of fine and coarse
aggregates was 2.85 and 7.03 respectively. Quickrete Portland Cement conforming to ASTM
C150 Type | [105] was used to make Cement mortar with total binder content of 811 kg/m?
and a water-binder ratio of 0.4. The mixing process was operated in accordance with ASTM
C305 [106]. The compression strength (on 5 x 5 x 5 cm cubes) and tensile strength (on dog-
bone samples) of plain cement mortar at 28 days of curing was 55.8 and 4.3 MPa respectively.
Hooked-end SF, STRUX® BT50 Sl and 2 types of PAN and pitch-based CF from Mitsubishi
chemicals were used (Figure 11) to investigate the pull-out response of fiber in cement matrix.
The properties of each fiber as received from the respective suppliers and the mix design of
mortar are presented in Table 4 and

Table 5 respectively.
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Figure 10. Sieve analysis of a) fine aggregates b) coarse aggregates
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(a) (b) (€) (d)
Figure 11. a) steel fiber b) synthetic fiber c) PAN-based carbon fiber d) pitch-based carbon
fiber

Table 4. Physical and mechanical properties of fibers

Fiber Type Steel Synthetic PAN Pitch
Specific gravity 7.85 0.91 1.8 2
Modulus of elasticity 200 GPa 7 GPa 234 GPa 186 GPa
Tensile strength >1100 MPa 550 MPa 4.83 GPa 2.34 GPa
Length 50 mm 50 mm 50 mm 50 mm
Nominal diameter 1Imm 0.48x0.61 mm 7 um 11 um

Table 5. Mixture proportion of mortar mix

Material type (kg/m?3)
Cement 811
Sand 1351
Water 324

3.2.2. Specimen preparation

Dog-bone shaped specimens were fabricated to measure the pull-out behavior of four types
of fiber when embedded within the cementitious matrix. The fiber embedment lengths were
25 mm on both halves of the specimen as suggested by Ratu et al. [84]. For obtaining reliable
test data, a minimum of three specimens for every mix was prepared for each test. Carbon
fiber bundles were twisted in three different bundle diameters (0.5, 0.8 and 1 mm). The reason
to use bundles instead of single fiber was 1) embedding one single CF (Diameter~7-11 ym)
in cement mortar was impossible because the single fiber was brittle and prone to break when
hit and 2) the importance of bundle behavior evaluation. Although different dispersants were
introduced to ensure suitable dispersion of CFs in FRCC [107-110], the cost of these
admixtures is relatively high [111], and the homogenous cement paste structure is also

reported to be affected by dispersant [112]. In recent years, several alternative approaches
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were introduced to disperse CF [113,114], and still a large number of studies report the
presence of CF bundles in the matrix [113,115,116].

The reason to choose the aforementioned diameters was first, these values were the
smallest diameter with an acceptable accuracy that we could get from the optical microscope
secure of fiber breakage and second, these dimensions were comparable to SF and Sl which
had similar dimensions. As shown in Figure 12, an optical microscope was used to find the
accurate diameter of the twisted fibers. Measurements were done on at least three points on
the fiber to validate the correct diameter. Since bundles were twisted, it was assumed that
cement paste could not penetrate inside the twisted fibers, and they were considered as a
single fiber with an equivalent diameter equal to 0.5, 0.8 and 1 mm. Fibers were also glued
together at each end of bundle, so that CFs did not disperse when put in the mold. During the
preparation procedure, a single fiber or fiber bundle (for CF) was positioned inside a small
hole in the middle of a thin plastic plate with 1 mm thickness (Figure 13.a, Figure 13.b). Then,
half the depth of the molds was filled with mortar and the plastic plate was placed inside the
matrix (Figure 13.c) such that the length of the fiber was oriented along the loading direction.
The last step involved filling the rest of the mold with mortar (Figure 13.d). A summary of
sample preparation steps is shown in Figure 13. Test specimens were cured at room
temperature for the initial 24 £ 2 h. Then, the specimens were demolded and cured in a water
bath at 23 + 3 °C until they were tested.

(@) (b) (c)
Figure 12. Optical microscope photos (division = 0.1 mm and D = diameter of bundle of
fibers)a)D=0.5b) D=0.8¢c) D=1 mm
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(a) (b) (©) (d)
Figure 13. Sample preparation steps a) 3D model of thin plastic plate b) 3D-printed plastic
plates c) the plastic plate is placed inside the half-filled mortar d) samples ready to be
demolded

3.2.3. Test setup and procedure

PASCO® Materials Testing Machine (MTM) with a load cell capacity of 7100 N (Figure 14)
and a 1 mm/min crosshead loading rate was used to carry out the pull-out test. The fixture
consists of identical upper and lower grips which were fixed to the test machine. During testing,
the upward movement of the actuator applies a pull-out force on the upper half of the
specimen. The machine is equipped with an optical encoder to measure the displacement of
the sample. Force data from the load cell and displacement data from the encoder module
can be recorded by a PASCO Interface with PASCO Data Acquisition Software (PASCO
capstone). PASCO capstone is a data collecting software which can automatically collect and
record data with different adjustable frequencies. In this experiment, data values were
recorded at a frequency of 25 Hz. The optical encoder in the test machine was used to ensure
no pre-load was applied to the specimen and to minimize the initial seating-based errors while
sample gripping.

Force

1 | § :
SR 17\ Eriuette Gip

Fixed half

(@)

Figure 14. Pull-out test set up a) pull-out test apparatus b) MTM testing machine ¢) CF being
pulled out.
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3.3. Experimental results and discussion

The pull-out behavior of fiber is based on different factors including the physio-chemical
adhesion, friction, and mechanical resistance [82]. In this test, pull-out behavior of fiber is
evaluated by analyzing force-displacement curves. Similar to previous studies [117,118], pull-
out force versus displacement curves are used to reflect the amount of load and total
displacement of fibers being pulled out; the effect of fiber type and matrix age on the pull-out
mechanism is evaluated by comparing pull-out results. All types of fibers are pulled out at 7,
14, 28 and 56 days.

According to Le et al. [102], a typical pull-out load versus slip curve for smooth steel fiber
consists of the elastic stage, the partial debonding stage and the frictional stage. There is a
linear elastic fiber-matrix bond in the elastic stage which is followed by a gradual separation
in the adhesion between fiber and matrix which is called partial debonding phase and finally
results in complete debonding. In the final stage and after debonding of the fiber, the pull-out
resistance is only governed by friction [102]. Analyzing the three mentioned stages will help
to get a broad insight into pull-out behavior of different types of fibers.

Different parameters can evaluate the pull-out behavior and resistance of fibers. Maximum
fiber stress (Ormax iS a vital parameter to assess the performance of fibers in concrete. If the
maximum fiber stress exceeds its tensile strength, the fiber will be fractured before complete

pull-out. The maximum fiber stress can be calculated using Equation 1.

Pmax

Of max = A Equation 1

Where of 4 is the maximum fiber stress, Py, is the maximum pull-out force and Ay is the
cross-sectional area of fibers (in samples with CF, diameter of CF bundle is used to calculate
the cross-sectional area).

Average bond strength (t,,) between the fiber and the matrix is calculated using Equation 2
[119].

_ Pmax

= Equation 2
71'de€

Tav
where 7,4, is the average bond strength, d; is the fiber diameter and L.is the initial embedded
length of the fiber.

Fiber pull-out energy (W,) is the area under the pull-out force versus displacement curve
up to the point where the pull-out load becomes zero; it can be calculated using Equation 3.
Interface toughness of fibers is one of the most critical factors that evaluates performance of
fiber and enhances the ductility of FRC. Interface toughness is defined as the mechanical
energy consumed during fiber pull-out and is determined by integrating the area under the

pull-out force-displacement curve.
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Wp = fSS:OLe P(s)ds Equation 3
W, is the fiber pull-out work and P(s) is the pull-out force at a certain slip.

Interfacial bond strength at the interface between the fiber and matrix can be evaluated by
calculating equivalent bond strength (z.,) using Equation 4 (assuming shear strength is evenly

distributed over the length of fiber) [120].
2W,
Teq = TL’dfig

Equation 4

The results of maximum pull-out load (Pmax), standard deviation of pull-out loads (SD),
displacement at maximum pull-out load (Apmax), fiber pull-out energy (W), maximum fiber
stress (07,max), @verage bond strength (1ay) and equivalent bond strength (7eq) is given in Table
6 in which numbers after PA and PI represent the diameter of the twisted bundle of fiber in
mm. For example, PAO.5 represents mortar mix with PAN-based CF and 0.5 mm diameter.

3.3.1. Effect of fiber type on fiber pull-out behavior

Pull-out behavior of four types of fibers was investigated. Figure 15 shows optical
microscopy images of fibers after being pulled out. According to the image, after the pull-out
test, cement paste was still attached to the surface of steel fiber in some areas of the surface
which is proposed to be an indication of strong fiber-matrix bonding. In hooked end SF, the
failure was a combination of matrix spalling and fiber-matrix debonding. However, in CF and
Sl, fiber-matrix debonding was the only and predominant failure in CF and SI.

Different failure modes were observed during pull-out test. In SF and Sl samples, the failure
mode was complete pull-out, while in CF, as it is shown in Figure 16, different failure patterns
were observed including fiber fracture and fiber pull-out. The complete pull-out failure mode
in SF and Sl indicates that that bonding between fiber and matrix is weaker compared to the
strength of the matrix or fiber [83,121]. Complete pull-out failure mode is a desirable failure
mode to prevent sudden brittle failure in structures. However, the fracture failure mode reveals

that the interfacial bonding is stronger than fiber tensile strength.

(b) ()

Figure 15. Fibers after pull-out test a) steel b) synthetic and c¢) carbon fiber
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Figure 16. Different failure modes in carbon fibers a) fiber complete fracture b) fiber partial

fracture c) fiber pull-out

Figure 17 is presented to show the failure pattern of different fibers. It is noteworthy to
mention that each curve in the figure is a representative curve indicating a typical failure
behavior of that specific fiber while being pulled out from the matrix. According to the results,
the failure pattern in different fibers can be summarized as follows: In CF, a sudden drop in
the pull-out load occurred after reaching the peak load. Considering the hydrophobic nature
of CF, as well as the straight geometry of the fiber, the sudden drop at around 1mm of CF
bundle slip is attributed to the poor interfacial bonding between the bundle and the matrix.
After deboning, friction is the predominant mechanism in pull-out behavior [102] and as the
slip increases, the pull-out load decreases due to the reduced friction area. However, because
of the geometry of CF, the friction is much lower in CF bundles compared to SF and Sl which
results in lower post-crack energy absorption. In SF, the decrease in the post peak load was
not as sudden as for CF similar to what was found by Nieuwoudt et al. [122]. After reaching
the peak load, the increase in slip was followed by a strain softening behavior with a smooth
decrease in pull-out load until anchorage of the fiber was straightened which occurred at slip
of approximately 5 mm. In SlI, the slope of the curve before peak load was even smoother

than SF, and after reaching the peak load, a slip-hardening behavior was observed leading to
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zero load at around 4.5 mm of fiber slip. The reason for slip-hardening behavior is the friction
bonding which is mainly dependent on the properties of fiber rather than concrete properties
[123]. Hence, fiber geometry is one of the important factors in fiber bonding behavior, and by
improving the geometrical shape of fiber, the energy absorption of fibers can be enhanced
significantly. Crimping fibers, for example, is an effective way of improving the post-crack

behavior of Sl resulting in slip-hardening behavior after the maximum pull-out force is reached.
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Figure 17. Failure pattern in different types of fiber

The detailed results of the pull-out test are presented in Table 6. During the preparation
and testing of CF, some samples were damaged or broken due to the high vulnerability of
fibers to any kind of impacts (missing values are presented by — in Table 6). These impacts
were produced with sample handling, pre-test preparation, testing and also due to the matrix
to matrix adherence of the two parts of the dog-bone sample. Although attempts were made
to install the plastic plates in such a way that fibers were the only holders of the two parts of
the briquette, still some small portion of the matrix attached to each other and needed to be
broken. The load needed to break the cement matrix by the MTM was very low, but it could
damage or break the bundle. Another reason for brittle behavior of CF is the high loading rate
of MTM (1mm/min). The future scope of the CF pull-out test will be 1) increase in number of
samples to make sure enough results will be provided in case of fiber damage 2) decrease in
loading rate to avoid brittle fiber breakage 3) Fixing the divider plate inside the mold in order

to make sure there is no matrix to matrix adherence.

34



Table 6. Summary of pull-out test results of fibers at different curing ages.

Specimen Age Pmax sSD Apmax Wp Of max Tav Teq
(Day) (N) (mm) (N.mm) (MPa) (MPa) (MPa)
S 7 308 9.1 3.1 925 392.4 3.9 0.943
S 14 382 12.1 3.7 915 486.6 4.9 0.932
S 28 358 0.7 3.5 1050 456.1 4.6 1.070
S 56 346 71.1 3.6 1053 440.8 4.4 1.073
Sl 7 106 29.1 3.6 255 353.3 1.9 0.374
Sl 14 115 38.5 3.1 245 383.3 2.1 0.360
Sl 28 122 25.4 3.5 277 406.7 2.2 0.407
Sl 56 140 15 4.18 453 466.7 2.5 0.665
PAO0.5 7 31 12.1 0.8 16 158.0 0.8 0.033
PA0.5 14 43 21.9 0.8 14 219.2 1.1 0.029
PAO0.5 28 - - - - - - -
PA0.5 56 76 - 0.7 15 387.4 1.9 0.031
PA0.8 7 65 - - - - - -
PA0.8 14 73 33.23 0.7 36 145.4 1.2 0.046
PA0.8 28 135 - 0.7 36 268.9 2.1 0.046
PA0.8 56 143 - 0.8 38 284.9 2.3 0.048
PA1 7 139 16.9 1.1 36 177.1 1.8 0.037
PA1 14 144 - 0.8 44 183.4 1.8 0.045
PAl 28 155 - 0.8 47 197.5 2.0 0.048
PA1 56 160 - 0.9 54 203.8 2.0 0.055
PI0.5 7 81 10.2 0.6 27 412.8 2.1 0.055
PI0.5 14 100 - 0.7 48 509.7 2.5 0.098
P10.5 28 111 - 0.7 50 565.7 2.8 0.102
PI0.5 56 - - - - - - -
PI0.8 7 98 35.3 0.7 36 195.2 1.6 0.046
P10.8 14 110 - 0.7 42 219.1 1.8 0.054
PI0.8 28 - - - - - - -
PI0.8 56 127 - 0.8 55 253.0 2.0 0.070
PI1 7 100 - 0.7 28 127.4 1.3 0.029
Pl1 14 104 - 0.7 36 132.5 1.3 0.037
PI1 28 156 108.5 0.5 55 198.7 2.0 0.056
PI1 56 165 22 0.7 62 210.2 2.1 0.063

According to the bond strength results, SF had the highest bond strength and pull-out
energy, followed by SI and then CF. According to the literature, the superior bond behavior
will result in better fracture behavior [115,116]. At 28 days of curing, steel fibers were able to
carry an average of 358N force, while this amount was 122, 155 and 156 N for SI, PAl1 and
P11 at 28 days respectively. This means steel fiber could carry more than twice the amount of

force compared to other fibers, and the other three fiber types showed comparable results in
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terms of maximum pull-out force. However, for both S and Sl samples, the maximum load was
at 3.5 mm of slip, while for PA1 and PI1, the displacement at maximum load was 0.8 and 0.5
respectively.

Another factor to assess the performance of fiber is the amount of energy that can be
absorbed by fibers. As shown in Table 6, the average fiber pull-out energy obtained was 1050,
277, 15, 36, 47, 50, 50 and 55 N.mm for S, SI, PA0.5, PA0.8, PA1, PI0.5, P10.8 and PI1 at 28
days, respectively. The results showed the superior behavior of SF to absorb energy as well
as a suitable behavior of S| and thus, in order to provide an equal reinforcement effect to a
cement-based composite, a much greater amount of CF will be needed. The reason is mainly
due to the fact that hooked-end steel fibers anchor at the ends and crimped fibers anchor
along the length while in straight filament fibers the frictional shear stress at the interface
determines the energy absorption capacity of fibers.

Figure 18 shows the tensile strength of fibers generated by force. According to the results,
P10.5 had the highest tensile strength; notably it was higher that SF and Sl and thicker bundles.
The increase in tensile strength with the decrease in diameter of the bundle approves the
importance of fiber dispersion in order to maximize the capacity of CF. However, by comparing
fiber tensile strength and energy absorption values, fibers with better tensile strength did not
result in better energy absorption while fibers with better shear or bonding strength had
improved energy absorption and after crack behavior. Although the tensile strength generated
by force in all CF samples is lower than the fiber tensile strength, a few CFs were fractured
before complete pull-out. This is mainly due to the initiation of fracture of single fibers around
the bundle which are adhered to cement matrix and then the gradual breakage of inner fibers
until all of fibers are fractured.
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Figure 18. Average tensile strength of different fibers at 28 days of curing
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3.3.2. Effect of matrix age on fiber pull-out behavior

Figure 19 shows maximum pull-out force versus matrix age of fibers. In case of the effect
of matrix age, an increase in specimens curing age led to an improvement in fiber tensile
strength in all fiber types except SF. The reason why SF didn’'t show the same pattern as in
CF and Sl is because of an important additional major contributor to pull-out resistance, that
is, mechanical anchorage [88,102]. This means when the hooked end fiber is pulled out, a
large amount of energy is needed for the fiber to become straightened, and hence the interlock
between the anchorage and the matrix is one of the determining factors in pull-out behavior
of fiber.
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Figure 19. Pull-out behavior of fibers at different curing ages

The improvement in interfacial bond properties with an increase in curing age is mainly due
to the production of hydration products especially Calcium Silicate Hydrate and development
of microstructure of ITZ as the degree of hydration increases over time. For CFs, after curing
for 7 days, all tests ended with the fibers being pulled out from the mortar which indicated the
weak bonding between fiber and matrix at early ages. As the curing age increased to 28 and
56 days, a few fiber samples were fractured while being pulled out which indicates

improvement in fiber bonding at later ages.

3.3.3. Interfacial strength

The fiber pull-out test is important since it provides information about interfacial properties
of CF in the cement matrix. The pull-out force versus slip curves of various specimens is
shown in Figure 20. Although the test machine was equipped with an optical encoder to
minimize the gripping error, a few samples still show some pre-loading values in the pull-out
force versus slip curve. These errors, which can be seen in Figure 20.a were removed during

the analysis.
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Figure 20. Pull-out force-displacement behavior of different fibers: a) SF b) PAN-based CF
c¢) Sl d) pitch-based CF

The pull-out curves revealed the characteristics of the bonding properties of each type of
fiber. In CF samples, after failure of fiber (after Pmax), the pull-out force decreased with increase
in slip and no slip-hardening or slip-softening was observed which is in conformity with
previous studies [101]. In synthetic macro fibers, the initial incline of the force-slip curve is
linear to the point of failure and then follows a smooth decrease in the amount of force until
fiber failure. In steel fibers due to the anchorage at the end of the fiber, the cement matrix will
be damaged while fibers are being pulled out from the matrix and as a result several drops in
load prior to final fiber failure are seen in the force-slip curve (Figure 20). Having a smooth
surface is the main reason for a sudden drop in the pull-out force of CFs.

Although steel and synthetic fibers showed a much better energy absorption capacity, the
bonding behavior of CFs is comparable with other fibers. Average bond strength (z,,) is
considered as an important factor to evaluate the ITZ quality between fiber and matrix.
According to Table 6, after steel fibers, most CFs showed a comparable bond strength
compared with synthetic fibers. In a few samples such as PI0.5, bond strength was reported

to be higher compared to bond strength of Sl. Although the effect of fiber bundle diameter on
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bond strength didn’t result in a particular and clear trend, it can be interpreted that as the age

of samples increases, a better bonding is formed between fibers and matrix in all 4 types of

fibers.

3.4. Conclusions

This study investigated the effects of fiber types as well as cement matrix age on pull-out

behavior of steel, synthetic, PAN-based and pitch-based CFs embedded in the cement matrix.

For this, three different twisted CF bundles with different diameters (0.5, 0.8 and 1 mm) were

tested. Other fibers included a hooked-end steel fiber and a crimped synthetic macro fiber.

Based on the test results obtained in this study, the following conclusions can be drawn:

Different failure modes were recorded during pull-out test. In SF and SI samples, the failure
mode was complete pull-out of fiber from cement matrix, while in CF, fiber fracture and fiber
pull-out were the two failure modes observed during pull-out test. The complete pull-out
failure is an indication of weaker bonding between fiber and matrix compared to the
strength of the matrix or fiber. This is a desirable failure mode to prevent sudden brittle
failure in structures.

The failure pattern of fibers was investigated using pull-out force versus slip curves. In CF,
after fibers reached the peak load, a sudden drop in the pull-out load occurred which was
mainly due to the fast debonding between the fiber and the matrix around the fiber. In SF,
the increase in slip after peak load was followed by a gradual decrease in pull-out load until
the anchorage of the fiber was straightened. In Sl, the decrease rate was much more
significant than in SF but still smoother than CF. It is noteworthy to mention that all types
of CF reached their peak load in less than 1 mm of slip, while this amount was much higher
in other fiber types.

Peak load and fiber pull-out differed significantly according to the fiber type. The highest
average pull-out force of 358 N was obtained for SF while this amount was 122, 155 and
156 N for SI, PA and PI with the same diameter at 28 days respectively. For both SF and
Sl samples, the maximum load occurred at approximately 3.5 mm of slip, while for PA1 and
P11, the slip at maximum load was 0.8 and 0.5 mm respectively which is a main reason for
much lower pull-out energy absorption capacity of CF compared to SF and Sl.

Average fiber pull-out energy obtained was 1050, 277, 15, 36, 47, 50, 50 and 55 N.mm for
SF, SI, PA0O.5, PAO.8, PA1, PI0.5, PI0.8 and PI1 at 28 days, respectively. The anchorage
at the hook end SF is one of the main reasons for higher energy absorption, while in straight
fibers such as CF, the frictional shear stress at the interface determines the energy
absorption capacity of fibers.

With an increase in cement matrix age, an improvement in fiber interfacial pull-out
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properties was identified in all fiber types. However, after 28 days of curing, the increment
was more gradual compared to other early curing ages. The main reason for improvement
in bond behavior is development of the microstructure of ITZ as the curing age increases
due to the hydration process. The fast hydration rate in early ages will result in faster
microstructure improvement which is followed by denser ITZ and finally faster fiber-matrix
bond improvement.

During the preparation and testing of CF, several samples were damaged or broken due to
vulnerability of fibers to any kind of impacts. These impacts were produced during sample
handling, pre-test preparation, testing and also due to the matrix to matrix adherence of the
two parts of the dog-bone sample. Another reason for the brittle behavior of CF was the
high applied loading rate (Imm/min) used. In future experiments, it is recommended to
decrease the loading rate as well as to make more samples to avoid data loss.

Average bond strength was investigated in all four fiber types. The results showed that after
SF, CF and Sl showed comparable results and in some samples such as PI0.5, the bond
strength value of CF was even higher than Sl. The effect of fiber bundle diameter on bond
strength didn’t result in a particular and clear trend.
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Chapter 4. Behavior of alkali treated and fly ash-alkali treated carbon fibers

Paper Title: Comparative study of alkali treated and fly ash-alkali treated carbon fibers

Author(s): Maryam Monazami, Rishi Gupta

This paper was presented at the 2023 Canadian Society for Civil Engineering (CSCE)
Conference and will be published in the conference proceedings [124], investigates the
effectiveness of two fiber coating methods, namely fly ash and NaOH treatment, in improving
the microstructure of the cement matrix. This paper has been subtly modified to ensure
alignment with the dissertation's integrity and overall flow. The objective is to develop
sustainable construction materials with enhanced mechanical and durability properties. The
study utilizes fly ash as a supplementary cementitious material (SCM) to coat CFs, while
NaOH treatment is employed to roughen the fiber surface and promote better adhesion
between the fiber and cement matrix. The results highlight the potential of using SCM as a
fiber coating to enhance the microstructure and overall performance of cement-based

materials, emphasizing the importance of sustainable approaches in civil engineering.

4.1. Introduction

Cementitious composites are widely used as building materials due to their easy
accessibility, low cost, easy forming, etc. However, brittleness, low tensile strength, low
resistance to thermal stress, and flexibility adversely affect their durability and resilience [125].
By incorporating supporting components like fibers, concrete's mechanical properties can be
improved. The bond behavior of fiber-reinforced concrete has been identified as a key element
in composite behavior. The simultaneous operations of numerous bond components, such as
the physical and chemical adhesion between fiber and matrix, make understanding bond
characterization difficult. To evaluate the adhesion between the fiber and the matrix, a detailed
examination of the microstructural and mechanical properties of a single fiber is required.

CFs have outstanding strength, stiffness, lightweight, electric conductivity, thermal
conductivity, and amazing fatigue characteristics, and hence are finding wide application as
the reinforcement material for composite materials, including reinforced cement and reinforced
plastics [126]. However, CFs are hydrophobic, chemically inert and they have poor wettability
and inherent smoothness [127]. As a result, a long-standing problem to solve is the poor
interfacial interaction between the CFs and the matrix (water-based materials). The fiber-

cement-based matrix interface must be specifically designed to enable acceptable interfacial
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load transmission to improve the mechanical performance of the carbon-concrete composite
[128-130].

Fiber surface treatment is a well-known technique for improving fiber-to-cement matrix
interfacial adhesion. Surface treatments can change the fiber/concrete interaction by
roughening the fiber surface and changing the surface polarity. The various surface treatments
can be broadly classified as oxidation treatments and non-oxidation treatments [131].
Oxidation treatments include catalytic oxidation, chemical or electrochemical liquid-phase
oxidation and gas-phase oxidation [131-133]. The non-oxidative treatments entail the
deposition of more active forms of carbon, such as the extremely efficient whiskerization, the
deposition of pyrolytic carbon [134,135], or the grafting of a surface modifier on the CF surface
[113-114]. The efficacy of surface treatment and the adherence of fibers in concrete can be
evaluated based on different measurements, including the interfacial shear strength [138],
scanning electron microscopy [139] and optical microscopy [140]. Surface wettability and
contact angles have also been used as approaches in adhesion testing [87-118].

In CFs, the traditional approach to reducing the surface roughness of fibers is to
mechanically treat them [142]. However, mechanical treatment leaves the fiber sizing (often a
polymer coating) intact, which could be detrimental to the mechanical performance of
composites at higher temperatures [130]. The chemical approach often involves solvolysis,
super/sub critical fluid technologies, and acid and alkali treatments. Because the procedure
often provides a low-cost, straightforward, and easy-to-operate solution, acid and alkali
treatments are suited for the large-scale treatment or industrial disposal of fiber composite
wastes [142]. However, treating fibers with chemicals might cause fiber degradation and affect
the mechanical performance of the fiber [143].

Taking into account that the degradation of fiber surfaces while chemically treated might
alter the mechanical properties of fiber and that mechanically treating fibers might not be
sufficient to ensure a proper bond between fibers and matrix, a new strategy for improving the
microstructure of the matrix around fiber is suggested in this chapter. In the present study, a
combination of mechanical and chemical treatment approaches was used to enhance the
adhesion of CFs to the cement matrix. CFs were modified by alkalic oxidation followed by fly
ash surface coating to produce a modified fiber with improved bonding capabilities with
cement-based matrices. A comparative analysis is conducted to find which method is better
for improving the adhesive properties as well as the mechanical strength of the CF. It was
found that the alkali treatment weakens the mechanical strength and bonding propensity of
the fiber, but the addition of the fly ash greatly compensates for the adverse effect and

increases the bond strength when compared to the untreated fiber.
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4.2. Experimental investigation

4.2.1. Materials

Commercially available Polyacrylonitrile (PAN)-based carbon fibers with epoxy sizing,
manufactured by Teijin Cooperation, were acquired in this study. The physical appearance
and chemical properties of fibers are shown in Figure 21 and Table 3. Class F fly ash
according to ASTM C618 [144] was used to coat the fibers Quikrete General Use (GU) cement
that agreed with CSA A3000 standard was employed as the binder [145].

Figure 21. Scanning electron microscopy images of CFs

4.2.2. Preparation of samples

Figure 22 depicts the fiber preparation procedures. As demonstrated, a 0.5% solution of
sodium hydroxide was made, after which CFs were dipped into it and allowed to soak for two
hours. After that, the CFs were completely rinsed with water, and then they were allowed to
dry. The following procedure involved soaking the treated CFs in a fly ash solution and
allowing them to dry. Next, the 50 mm-long fiber strands were cut. Half dog-bone-shaped
specimens were prepared to assess the pull-out behavior of treated CFs when placed in the
cementitious matrix (Figure 22). As recommended by Ratu et al. [84], the fiber embedment
lengths were 25 mm on both halves of the specimen. The cement mortar contained 1351 kg

of sand and 811 kg of cement per m3, with a water/cement ratio of 0.4.

(a) (b) (©) (d)
Figure 22. Preparation of fibers a) Magnetic Stirrer with fly ash solution b) carbon fibers
soaking in NaOH solution c) carbon fibers rinsed d) carbon fibers immersed in fly ash
solution.

43



The morphology of the coated CFs was observed using SEM on a Hitachi S-4800 FESEM
machine. The fiber pull-out measurement was done on a Tinius Olsen 5ST equipment. The
pull-out test was performed using Tinius Olsen 5ST machine with a load cell capacity of 5000
N (Figure 23) and a 1 mm/min crosshead loading rate. The fixture is made up of two grips, a
fiber grip at the bottom and a half-dog-bone grip at the top, that are attached to the testing
device. A pull-out force is applied to the briquette grip during testing by the upward movement
of the actuator. Tinius Olsen’s Horizon software can be connected to the machine to measure
the precise displacement of the sample. To have better grip on the fiber and to prevent initial

seating-based errors, the samples were placed between the sandpaper.

Figure 23. Fiber pull-out test set up

The sessile drop contact angle was measured with a Rame'hart Instrument Co.
Tensiometer 250-U4. During the experiment, the liquid chosen was de-ionized water with a
density of 0.98 g/cm?®. The testing for all the samples was conducted at 25 °C and 65% relative
humidity in a soundproof environment. The contact angles were determined by analyzing
images of the droplet taken with an image quality transfer system, which is used to create fine
droplets on a substrate using pulse injection equipment. The samples were suspended

horizontally over the sample holder, as shown in Figure 24. Then the sample holder was
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mounted on the platform of the tensiometer, and then 3 ml of water was dropped on the
surface of the CF and the contact angle was measured.
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Figure 24. Fiber contact angle test set up

A four-point probe method was used to measure the resistivity of the untreated and treated
CFs. In a 4-probe electrical resistivity test, one pair of probes is used for passing the current,
while the other pair is utilized for voltage measurements on a separate set of electrodes. The
four-probe approach produces more reliable data since contact resistance concerns are not
an issue. The experimental set-up is shown in Figure 25. Silver electrodes were used to make
electrical contacts. One pair of probes was used for passing the current, while a separate pair
of electrodes was used for the measurement of voltage. A digital multimeter was used to
measure the potential difference. The resistance is calculated by Ohm's law as given by
Equation 5.

R = % Equation 5

Where R is the electrical resistance (Ohm), V is the value of voltage (Volt) and | is the value
of the applied current (Ampere). The direct current resistivity of the material is calculated with

following expression:

p = RL_A Equation 6

Where A is the cross section of the fiber bundle (m?) and L is the length of the fiber (m)
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Carbon fiber bundle

Silver
electrodes

Figure 25. Electrical resistivity test set up

4.3. Results and discussion

4.3.1. Microstructure characterization of Carbon Fiber

Figure 26 shows the SEM results of the CFs. It can be seen that in samples treated with
NaOH, the chemical process reduced the fiber's surface smoothness and increased its
roughness. In addition, the SEM results showed that the roughness of the CFs treated with
FA was further increased. After treatment, a rougher fiber surface is obtained, which is
advantageous for fiber/matrix interfacial adhesion because a rougher surface promotes fiber
and matrix mechanical interlocking [146]. The alkali treatment removes the sizing of the fiber,
which is covering the external surface of the fiber and coating the fiber with FA will increase
the rate of hydration, resulting in a higher concentration of calcium-silicate-hydrate and a lower

interfacial zone thickness between the fiber and cement matrix.
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Untreated carbon fiber

Figure 26. SEM of treated and untreated carbon fiber

4.3.2. Fiber pull-out behavior

Figure 27 shows the force-displacement behavior of fibers while being pulled out, and Table
7 shows the results for maximum pull-out load (Pmax), Standard deviation of pull-out loads (SD),
displacement at maximum pull-out load (Apmax), fiber pull-out energy (W), maximum fiber
stress (0Ormax) and equivalent bond strength (1eq). As can be observed, untreated fibers have a
pull-out energy and bond strength of 5.1 N.mm and 10381 Pa, respectively, while treated
fibers have a value that is substantially lower. The fiber pull-out energy and bond strength both
decreased by 97.6% and 97.5%, respectively, after the alkaline treatment. This interpretation
states that the alkaline treatment greatly affects the matrix's bonding activity, possibly mainly
because the destructive alkaline harms the micro CFs. On the other hand, the adverse effects
were eliminated when fibers were coated with FA. As depicted in Figure 27, fiber pullout, fiber
breakage, and fiber debonding from the cement matrix are the three failure mechanisms that
can be seen when CF is pulled out. When CFs were treated with NaOH, fiber breakage
accounted for all failure processes; nevertheless, both untreated and FA-treated fibers
experienced all forms of fiber breakage and fiber pullout failure. Even though FA treatment is
a great method for enhancing the bonding properties, it may be necessary to switch from
alkaline treatment to another less hazardous procedure.
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Figure 27. Force-displacement behavior of treated and untreated carbon fibers

Table 7. Summary of fiber pull-out test results

. Pmax Apmax Wp Of,max Teq

Specimen SD

P (N) (mm) (N.mm) (MPa) (Pa)
Untreated 458 0.8 1.94 5.1 58 10381
carbon fiber
5% NaOH 0.54 0.09 0.83 0.12 0.69 259
treated
carbon fiber
5% NaOH
treated + FA
coated 6.16 0.72 2.12 4.8 7.8 10825

carbon fiber

4.3.3. Fiber contact angle

Changes of contact angle in treated and untreated CFs are shown in Figure 28. As shown
in the figure, the contact angle data of untreated carbon was 134°, which suggests that the
fiber-matrix adhesion is weak, which could pose a problem for carbon-fiber reinforced
composites. This is mainly due to the CFs' surface morphology and properties, which can also
be inferred from SEM images. The smoothness and integrity of the surface of CFs resulted in
weak contact between the fiber and the cement matrix, which also could not be compensated

for by treating it with NaOH. Contact angle data of NaOH treated CF and NaOH + fly ash
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treated CF was 134° and 108°, respectively. It can be observed that samples treated with FA
experienced a significant decrease in contact angle and the adhesion of highly hydrophobic
CF was highly improved. This is an expected result because of the significant increase in the
roughness of the fiber, which is also confirmed by SEM photos.

Overall, both surface-treated CFs show hydrophobicity, preventing adhesion between the
fiber and the cement matrix. However, compared with the untreated CF, the contact angle
decreased by 19.2%.

(a) (b) (©)
Figure 28. Contact angle of a) untreated carbon fiber b) NaOH treated carbon fiber c)

NaOH+ fly ash treated carbon fiber.

4.3.4. Fiber electrical resistivity

CFs are commonly added to concrete to increase its composite conductivity and convert it
to an electrically conductive surface. Thus, it is advantageous to research the electrical
resistivity of CFs and how treatment of the fibers affects their resistivity. The change in fiber’s
electrical resistivity with treatment techniques is shown in Table 8. It has been demonstrated
that treating CFs with NaOH effectively removes the sizing of the fiber and reduces its
electrical resistivity, while treating it with NaOH and fly-ash negatively affects the fiber's
resistivity. This can be due to the fact that fly-ash on its own is more resistive to electrical flow
when compared to CFs.

Table 8. Electrical resistivity of untreated and treated carbon fibers

Fiber Resistivity (uLohm-m)
Untreated carbon fiber 5.3
5% NaOH treated carbon fiber 2.5
5% NaOH treated + FA coated carbon fiber 6.9

4.4. Conclusion

The overarching objective of this research was to investigate the efficacy of two fiber
coating methods to discover and characterize the improvement in the microstructure of the
cement matrix.

o Coating fibers with waste supplementary cementitious material (SCM) such as fly ash

is approved as an efficient approach to developing a sustainable construction material
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with enhanced mechanical and durability properties. The following conclusions can be
drawn from the experimental results:

The proposed NaOH treatment method is shown to have negative effects on the
bonding properties of CFs. Samples with NaOH-treated CFs are reported to have
lower bond strength and lower fiber pull-out toughness.

The proposed NaOH treatment combined with the fly ash treatment provided a
sufficient bond between the fiber and the matrix. This sufficient bond led to a higher
bond strength and lower contact angle, as well as a rougher surface that was approved
by the EDX micrographs.

The NaOH treated CFs showed a lower electrical resistivity than the untreated CFs.
However, the resistivity values of fly ash-treated CFs were comparable to those of
untreated fibers.
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Chapter 5. Mechanical behavior and fracture energy of carbon fiber-reinforced concrete
beams and panels

Paper Title: Investigation of mechanical behavior and fracture energy of fiber-
reinforced concrete beams and panels

Author(s): Maryam Monazami, Rishi Gupta

This chapter, which is a published paper in a peer reviewed journal [77] and has been subtly
modified to ensure alignment with the dissertation's integrity and overall flow focuses on the
guantification of CFs' role as micro-reinforcement in round panels to prevent and slow down
crack formation. While CFRC has gained attention for use in pavements, previous
assessments have been limited to laboratory-scale samples that do not align with the
predominant failure mechanism, vyield-line theory, for concrete pavements. The study
investigates the effects of CF dosage and length on flowability, fiber-matrix bond, and
mechanical properties, comparing them with polypropylene fiber. The findings of this chapter
emphasize the potential of CFRC as a crack retarder and highlight the importance of selecting

appropriate fiber types for accurate prediction of performance in concrete structures.

5.1. Introduction

Concrete slabs in Canada are commonly installed in the curb travel lane pavement at the
bus stop to improve the resistance of bus pads to rutting and petroleum deterioration.
However, conventional concrete is brittle with low tensile strength and strain capacity. Such
unsatisfactory performance can be improved with the addition of fibers in concrete. Steel and
synthetic polypropylene fibers are the two most commonly used fibers in FRC structures [147—
151]. The majority of previous case studies on FRC pavements are focused on the application
of steel fiber SF in concrete [152-154]. However, SFRC pavements in cold regions, such as
Canada, are subjected to de-icing salts and aggressive environments where chlorides and
carbonation may corrode the fibers. Additionally, fibers on exposed surfaces or fibers across
crack openings will not be protected by the alkalinity of concrete and usually experience higher
rate of oxidization [155]. This will negatively affect the crack bridging capacity of SF with
detrimental consequences on the performance of pavement [27]. Moreover, the addition of SF
with high density, leads to a significant increase in concrete weight, which limits the quantity
of SF, targeted to be added into the mix.

Due to the mentioned drawbacks of SFRC pavements, PPs have been adopted in rigid
pavements in recent years. Polypropylene reinforced concrete pavement (PRCP) showed

advantages over the SF specially in chemical stability, lightness and workability [36]. PP are
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also able to mitigate or decrease plastic and early drying shrinkage of concrete structures
[149,156]. However, since it has a low young’'s modulus, it is not able to prevent the formation
and propagation of cracks at high stress levels [157]. Polypropylene fiber is reported to be
capable of being used in ejected concrete technology, which plays an important part in lining
construction for tunnels [36,158]. However due to the low tensile and flexural strength, it might
not be the best construction material where high stress level plays an important role such as
in concrete pavements.

Over the last three decades, CFRC has found increasingly widespread applications in the
construction material industry including in airports, rigid pavements, and asphalt pavements.
CFRC becomes a multifunctional construction material combining the strength function with
the possibility of acting as an active sensor within the structural material [157,159—
162]. Adding a small portion of conductive CF is an efficient and convenient method to
construct an electrically conductive pavement. CFs are also reported to be more suitable
compared to SF and PP in respect to finish ability, weatherability, mixability, thermal
resistance and long-term chemical stability in unstable environments [163]. Although CF are
an advantageous additive material in electrically concrete pavements, the appearance of
macro and micro cracks in the pavement can cut the conductive path and hence affect the
electrical conductivity of the pavement. This work is novel as the existing studies on
mechanical behavior and crack propagation of CFRC are mostly limited in behavior reinforced
beams. Several researchers have studied the use of chopped CF as the second reinforcement
of cementitious composites [164—168]. Based on the results from these studies, improved
mechanical properties including flexural strength was observed [164—166].

Flexural strength is an important parameter in concrete as it involves tension on one side
of the specimen and compression on the opposite side. Flexural behavior of concrete is
usually evaluated using three-point or four-point bending test on beams. However, it is
reported that the characteristic values determined from FRC beam tests are remarkably lower
than the mean value, because of the high scatter in beam test results as well as small fracture
area which is linked with a few numbers of fibers. On the other hand, it is reported that FRC
mixes with low fiber volume are particularly suitable for structures with a high degree of
redundancy where stress redistribution occurs [117]. It is noteworthy to mention that flexural
loading is also commonly encountered by concrete structural components such as slabs
flexural failure mechanism of CFRC panels in which the failure mechanism follows the yield
line theory. Because of the reasons, to get more realistic experimental value, standard tests
should be carried out on specimens with larger fracture areas that suggests a different
specimen geometry like fiber reinforced concrete panels where a stress redistribution may

also occur. As a result, it is recommended to consider a new different specimen geometry like

52



FRC panels [169], therefore, the behavior of the structure is dependent to the material
properties including fiber properties.

While to the best knowledge of authors, the studies on the effects of CF on the flexural
behavior of CFRC panels are rare. The information in this field is necessary for the selection
of suitable amount, type, and length of fiber especially for pavement applications and slabs on
grade. The present chapter was developed to assess concrete behavior reinforced by CF and
PP mixed in different volume fractions and having different lengths with the aim of giving a
useful contribution to the ongoing wider project involving the installment of a CFRC bus pad
in Victoria, Canada, and its comparison to non-fibrous rigid pavement. Three different phases
in this chapter include experiments conducted on fiber-reinforced cement mortar (FRCM),
FRC samples, and fiber-reinforced concrete panels (FRCP). Specimens mixed with PP and
CF with different volume fractions were casted, and the results were compared. Uniaxial
compression tests were performed to derive compressive strength of FRCM and FRC, fibers
pull-out tests were performed to evaluate fiber-matrix bond strength; center-point bending
tests were conducted on specimens to obtain first crack strength and other flexural properties
and using a fitted surface plot, the optimum length and concentration were obtained. To predict
the behavior of FRC, composite analysis was proposed, and the predicted results were
compared to that of experimental results. The final section of the work is focused on flexural
behavior of round panels using yield line analysis, both from an experimental and theoretical
point of view and the results were compared with beams using analysis of variance (ANOVA)
model. The results showed beneficial effect of CFRC on pre-crack energy absorption, and
their role as crack retarders was justified when the absorbed energy was compared to non-
fibrous mixes. The residual flexural strength was also improved in beams and round panels
reinforced with CFs. Using the composite theory, the experimental-to-predicted flexural
strength ratios in PAN-based CFs were in the range of 1.11 to 1.34. However, the predicted
strengths of mixtures with polypropylene and pitch-based CFs were significantly higher than

the experimental values.

5.2. Materials and methods

5.2.1. Raw materials

River sand was employed as fine aggregate and crushed stone was used as coarse
aggregate. The gradation curve of the aggregates is presented in Figure 10. General Use
(GU) cement conforming to requirements of CSA A3000 standard was used as the binder
[145]. PP with different fiber lengths (6, 13 and 19 mm) and 3 different types of PAN and pitch-
based CFs with 6, 12 and 18 mm length were used. CF were acquired from Mitsubishi

chemicals and Teijin cooperation and PP were provided from Euclid Chemicals. The physical
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appearance and chemical properties of fibers are shown in Figure 29, Table 3 and Table 4.
Class F fly ash according to ASTM C618 [144] was used in concrete mixes as a patrtial
substitute of cement. High-range water reducing agent (HWRA) which meets the ASTM
C494/C494 M [170] requirements for Type A water-reducing, and Type F high-range water-
reducing admixtures was used to reduce water usage. Air entraining agent (AEA) was used
in concrete samples to increase the amount of entrained air in samples for superior FT
resistance. AEA used in this study meets the requirements of ASTM C260/260 M [171].

Mitsubishi PAN - kosed ¢ mitsubight p‘ac'k-\msd (] 'TZ:Jm PAN-\aseel CE Po\ypfopy\c.vu. fiver
7.

(@) (b) (c) (d)
Figure 29. Physical appearance of fibers a) Mitsubishi PAN-based CF b) Mitsubishi pitch-
based CF c) Teijin PAN-based CF d) PP

5.2.2. Design of FRCM

23 groups of mortar mixtures with different concentrations of CF (0.5%, 1%, 2% and 3% by
volume) and polypropylene fibers (0.5% and 1% by volume) with different lengths were
considered to examine the effects of fiber type, length, and concentration on the behavior of
cement mortar mixes. To achieve a target strength of 40 MPa, the water / binder ratio was
0.39 in all specimens. Mortar beams with the dimensions of 30 mm x 30 mm x 100 mm were
designed for flexure test and 50 mm x 50 mm x 50 mm cubes were designed for compression
test. Abbreviations were denoted in such a way that the first number shows the dosage of
fiber, and the last number illustrates the length of the fiber. Non-fibrous mix abbreviated to CO
and P, PAM, PIM, and PAT denote samples with polypropylene fiber, PAN-based Mitsubishi
CF, Pitch-based Mitsubishi CF and PAN-based Teijin fiber. For example, 0.5PAM®6 represents
mix containing 0.5% PAN-based Mitsubishi CF with 6 mm fiber length. The mix proportions of

mortar mixtures are listed in Table 9.
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Table 9. Mixing proportions of cement mortar samples

Cement mortar Concrete
Fiber Fiber Fresh density
Label Label % (kg/m3)
(kg/m3) % (Vol) (kg/m3) (Vol)

(6{0) 0 0 (6{0) 0 0 2620
0.5P6 0.5P13 0.5P19 4.5 0.5 1P13 9.1 1 2450
1P6 1P13 1P19 9.1 1 2P13 18.2 2 2300
0.5PAM6 9.0 0.5 1PAMG6 18 1 2520
1PAM6 18.0 1 1PIM6 20 1 2480
2PAMG6 36.0 2 0.5PAT18 9.5 0.5 2530
3PAMG6 54.0 3 1PAT18 19 1 2410
0.5PIM6 10.0 0.5 2PAT18 38 2 2120
1PIM6 20.0 1

2PIM6 40.0 2

3PIM6 60.0 3

0.5PAT6 0.5PAT12 9.5 0.5

1PAT6 1PAT12 19.0 1

2PAT6 2PAT12 38.0 2

3PAT6 3PAT12 57.0 3

Mortar: Sand: 1188 kg/m?3, Cement: 712 kg/m?*, Water: 281 kg/m?3
Concrete: Gravel: 1055 kg/m?, Sand: 815 kg/m?, Cement: 276 kg/m?, fly ash:60 kg/m?, water:
148 kg/m?

5.2.2.1. Tests on FRCMs

Flow table test was performed on mortar samples in accordance with ASTM C1437 [172].
According to the test, the flow is the resulting increase in average base diameter of the
horizontal flow measured in two perpendicular directions after lifting Abrams cone when the
table is dropped 25 times in 15 s. The results, which is called flowability, is expressed as a
percentage of the original base diameter. A compressive strength test was performed on cube
samples at 28 days in accordance with ASTM C109 [173]. Forney mechanical testing machine
equipped with the appropriate compression platens was used for the test with a loading rate
of 900-1800 N/s.

Center-point flexural test was performed on beam samples at 28 days of curing according
to ASTM C293 [174]. According to Equation 7, the amount of absorbed energy can be
determined by integrating the area under the load-displacement curve [175]. In this research,

the amount of flexural toughness was calculated at 3%, (corresponding displacement with 3
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times as high as the corresponding displacement of maximum load, &o). Loading rate in
flexural strength tests was 1Imm/min and a minimum of three specimens for every mix was

prepared for each test.
W = f05 Pds Equation 7
Where W is the absorbed energy (mJ); P is the force (N) and d is the displacement (mm) in
the middle of the flexural sample span.

Micro-structural analysis was conducted on thin polished sections of FRCMs using

scanning electron microscope (Hitachi Tabletop Scanning Electron Microscope). SEM images

were used to identify changes in ITZ of fibers and cement matrix.

5.2.3. Design of FRC

Considering the workability and mechanical strength results analysis of FRCMs, a total of
8 groups of concrete mixes (CO, 1P13, 2P13, 1PAM6, 1PIM6, 0.5PAT18, 1PAT18 and
2PAT18) were chosen and designed for further investigation. Considering the positive effect
of CF length and considering the size of concrete beams compared to mortar beams, it was
decided to use longer fibers (Length = 18 mm) in concrete samples. All the specimens were
made in accordance with ASTM C192 standard [176] . Chemical admixtures including HWRA
and AEA were used to reduce water usage and increase the entrained air content as
recommended in CSA A23 [119]. The samples were prepared in a drum mixer using the
following mixing procedure. First, the aggregates and fibers were placed in the drum mixer
and mixed for 1 minute. Then, 2/3 of mixing water with AEA were added to the mixture and
mixed for another 1 minute. Fly ash was then added to the mixture and mixed for 3 minutes.
Cement was gradually fed into the mixer while it was running. When the entire cement had
been added, the mixer was stopped. The rest of the mix water with HRWR were added to the
mixture, and the whole mixture was mixed for another 3 minutes. Table 3 shows the mix
proportions of concrete samples.

Samples were removed from the molds after 24 hours and were immersed in water tanks
for 28 days at a temperature of 23£2°C until the day of testing. In this phase, concrete beams
with the dimensions of 100 mm x 100 mm x 400 mm were designed for flexural test and
cylinders with diameter of 100 mm and height of 200 mm were designed for the compression

test.

5.2.3.1. Fresh properties

The slump test on concrete was used to assess the workability of all concrete mixtures in
accordance with ASTM C143 [120]. AEA was adjusted in such a way to remain the air content

of concrete samples between 3-7% as suggested by CSA [119].
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5.2.3.2. Compressive strength

Compressive strength test was performed on cylinder samples at 28 days in accordance
with ASTM C39 [177]. The loading rate was in the range of 900 to 1800 N/s. The reported
results are the average of compressive strength tests of three samples molded from a single
batch of mortar and tested at the same age.

5.2.3.3. Flexural behavior of FRC

Center-point bending test through displacement control was conducted on 100
mm x 100 mm x 400 mm prismatic specimens to investigate the flexural behavior of samples
as shown in Figure 30. The load was applied by universal testing machine (MTI) load cell with
250 kN maximum capacity. The load—deflection curve was obtained for each specimen tested.
The deflection at the center of the specimens was measured using Two linear variable
differential transformers (LVDTS) installed at the center of each side of beam using a yoke.
The loading rate was set at 1 mm/min.

The flexural strength of a beam subjected to center-point bending test can be evaluated as

follows:
’ 3PL .
fr=92 Equation 8

£+ is the flexural strength (MPa), P is the ultimate load (N), L is the span of the test specimens
(mm), b is the width of the test specimens (mm) and d is the height of the test specimens
(mm).

Flexural toughness of samples is quantitatively calculated like cement mortar flexural
toughness evaluation, and it is equal to the ratio of flexural toughness at 380 divided by the

initial flexural toughness.

Figure 30. Center-point flexural test on beams
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5.2.4. Design of FRCP

Round concrete panels were cast and tested using a 50000 kg pneumatic/hydraulic press,
under single point loading following the testing arrangement and procedures of ASTM C155
[177]. The forms were first pre-oiled and levelled. An internal needle vibrator and a tamping
rod were used to consolidate the concrete in the forms. The surface was screeded by racking
a screed across the surface of the specimen and the extra concrete was struck off to make
sure the surface is level with the sides of the form. According to the yield line theory, when a
point load is applied at the center of a round panel supported on three symmetrically (120°)
arranged pivots, stresses develop leading to the formation of three radial cracks (yield lines)
on the opposite face and the yield lines follow a certain pattern as shown in Figure 31 [178].

Round panels shown in Figure 32, with dimensions of 75 mm in thickness and 800 mm in
diameter were cast for flexural testing. Round concrete panels were demolded 24 hours after
casting and kept inside wet burlaps until the day of testing. The mix proportions chosen for
round panel testing were CO, 0.5PAT18 and 1PAT18 according to Table 9.

-

[

o\
©n
Figure 31. Failure pattern in round panels according to ASTM C1550 [174]

5.2.4.1. Flexural behavior of FRCP

According to ASTM C1550 [174], post-crack performance of round panels subject to a
central-point load can be represented by the energy absorbed by the panel up to a specified
central deflection. In this test method, the energy absorbed up to a specified central deflection
was calculated to represent the ability of a FRCP to redistribute stress following cracking.

As it is shown in Figure 32, molded round panels of cast FRC are subjected to a central-
point load while supported on three symmetrically arranged pivots. The load is applied through
a hemispherical-ended steel piston advanced at a prescribed rate of displacement and. The
cracks initiate from the bottom central point of the panel and gradually propagate to the edges
between the supports and as the cracks widen at the center, the load resistance drops as

deflections increase load-deflection values are recorded to evaluate the behavior of FRCP.
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The load carried by the plate is recorded by means of a load cell and the displacement of the
crosshead of the press [162].

The peak load, energy absorption and residual loads at 5, 10, 20, and 40 mm central
deflection were extracted from the load-displacement curves and the peak load was used to
calculate the flexural strength or Modulus of Rupture (MOR) of a panel using the following

equation:
2rP .
fee = NETeT Equation 9

R is the radius of the panel = 400 mm; to is the thickness of the panel = 75 mm and r is the
distance from the center of the panel to the supports = 375 mm.

Analysis of variance (ANOVA) model was used to evaluate the variance between the
values in flexural test of beams and panels and to determine if a statistically significant
difference exists among the flexural strength measured by two different tests. ANOVA was
performed with the software MATLAB®.

(b)

Figure 32. Round panel test set up a) pre-cracking state b) the appearance of first crack c)

complete failure state.

5.3. Results and discussions

5.3.1. Fresh properties

Flowability of concrete is an important parameter that should be investigated to understand
the contribution of fibers in concrete and to achieve optimum benefits from the fibers. The
orientation of the fibers inside the matrix is affected by several parameters and one important
factor is the flowability. Slump test is the most common empirical test for fresh concrete.
Although slump test does not give any value of a rheological behavior of concrete, it can be
efficient for classifying and comparing different construction materials in terms of their ability
to fill-up a formwork. It was reported that the distribution and orientation of fibers, which has

an important impact on bending properties of concrete, is related to the rheology of the
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concrete [162]. In higher slump concrete, fibers have a satisfying mobility within the cement
matrix; they can move and orient more easily under vibration. However, in concrete with lower
slump values, there is a risk of formation of fiber balls and the movement of fibers is limited in
the cement matrix.

The slump flow results of the fresh mortar mixtures with different fiber content, type and
length are presented in Figure 33.a. The data illustrates the change of flowability of FRCMs
with different variables. It is apparent that an increase of the fiber content, regardless of fiber
type or length, causes a decrease in slump flow ability of samples decreases. It was observed
that with the addition of more than 1% of fiber, except for 1IPAM6 and 1PIM6 samples, the
flowability of mortar was reduced to more than 50% and samples with 3% fibers showed 0%
flowability. In polypropylene fiber-reinforced mortar (PPRM) samples, with an increase of fiber
length, flowability dropped significantly. However, in carbon fiber-reinforced mortar (CFRM)
samples, the flow results were not solely related to fiber length and the results didn’t follow a
specific trend. It was observed that for lower fiber fractions (up to 1%), fibers with higher aspect
ratio showed relatively less vulnerability to changing slump values. The results can be
described in such a way that for a constant volume of CF, a shorter length (with lower aspect
ratio) possesses a greater number of fibers and as a result generating a higher negative effect
on the slump values of fresh mortar samples. Figure 34 shows the influence of fiber content
on the flow diameter of cement mortar.

Fibers also affect the workability of concrete mixes. The inclusion of fibers must be carefully
optimized, and the flow characteristics of mixtures should be properly evaluated. According to
the results presented in Figure 33.b, The slump values exhibited a high descending tendency
up to 63% and 90% with the existing of 0.5% and 1% CF respectively, while this amount was
47% for 1% PP. The slump ranges for pavements and slab according to ACI 211.1 [179] is
represented in Figure 33.b. As it can be seen, only the slump value of 1PAT18 mix falls into
the range of 25-75 mm and can be classified as the proper mix for pavement and slab

application.
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Figure 33. Flowability tests a) flow table results of cement mortar b) slump values of

concrete (variation to CO shown over each bar)
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(a) (b)
Figure 34. Flow table test a) NC b) P6

5.3.2. Compressive strength

5.3.2.1. Compressive strength of FRCM

Compressive strength is a major and important mechanical property of concrete, and it is
considered as one of the main parameters in many design codes and standards. The
compressive strengths of the mortar mixes are presented in Figure 35.a. The addition of PP
in cement mortar decreased the compressive strength. In PPRMs reinforced with a volume
fraction of 0.5% and 1%, the compressive strength of samples was 6.2% to 15.2% lower than
that of the non-fibrous mortar (55.87 MPa). The lowest reduction was observed when 13 mm
fibers were added and 1P13 samples earned strength equal to 52.4 MPa. Reduction in
compressive strength of cementitious composites with PP addition was also reported in other
studies [163—165]. This reduction could be mainly attributed to increased porosity due to the
inclusion of PP and the existence of weak interfacial bonds between the PP and cement matrix
[166] which is presented and justified in SEM photos in Figure 36. Fiber-reinforced mortar is
mainly composed of 3 parts: cement paste, pores, and fibers. Investigation of changes in any
of the mentioned parts is usually done by SEM micrograph. The black spaces in SEM photos
are the pores inside the matrix and as it is shown in Figure 36, addition of fibers will produce
a new porous phase between fiber-matrix known as ITZ. ITZ, which is only 20-40 pym in

thickness, is considered as a new appearing defect in fiber-reinforced concrete [167].

Addition of CF up to 1% into cement mortar led to negligible change in compressive
strength of mixtures (about +5% difference compared to NC), except for 1PAT6 and 1PAT12
which experienced 15.0% and 12.6% strength improvement respectively. However, as the
fiber content increased to more than 2%, all samples experienced notable strength loss. About
38% compressive strength reduction was reported when samples were reinforced with 3%
CF. As previously mentioned, the incorporation of fibers inevitably introduces more air in the

matrix due to the appearance of new porous area in fiber-matrix interface. However, in CFRM,
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it is attributable that confinement of high stiffness CF compensates the drawback of increased
porosity, and the increment in addition of CF from 0.5 to 1% improves the compressive
strength of specimens, whose maximum compressive strength can reach 64.2 MPa.
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5.3.2.2. Compressive strength of FRC

The compressive strength results of concrete samples are presented in Figure 35.b, and
the fracture patterns in tested samples are shown in Figure 37. During compression test, it
was observed that non-fibrous samples failed explosively at the peak load while FRC samples
failed with vertical cracks at the peak load but in a more ductile manner. In samples reinforced
with fibers, the vertical cracks appeared at about 70—-85% of the peak load. The results also
show that the concrete mixes did not follow the same trend as in the mortar mixes. The highest
compressive strength (42.5 MPa) was found in non-fibrous concrete, and the compressive
strength of all samples decreased with an increase in fiber content. The least decrement was
found in 1PAMG6 (39.0 MPa) and 0.5PAT18 (36 MPa), which experienced approximately 4.8%
and 15.2% decrease respectively in comparison with CO. On the other hand, Polypropylene
fiber-reinforced concrete (PFRC) had the highest strength reduction (more than 15 MPa).
Neither of the PFRCs meet the minimum strength requirement from CSA A23 [180] for any
structural and non-structural applications.

According to CSA standard, the minimum specified compressive strength for non-
structurally reinforced concrete exposed to chlorides and freezing and thawing such as
concrete pavements and slabs is 32 MPa and among the mixes, 1IPAM6 and 0.5PAT18

mixtures at 28 days surpass the threshold value of CSA to be used as slabs and pavements.
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Figure 37. Fracture behavior of different samples under compression

5.3.3. Flexural properties

5.3.3.1. Modulus of rupture and flexural toughness index (15)

The ultimate load, its corresponding displacement, the flexural strength, and pre-
crack/post-crack energy absorption of all the mortar samples were obtained from the load-
displacement curves, where the values are the average of three specimens. The detailed

results are presented in Table 10. During the flexural test, different failure behavior was
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observed among mixes. In samples reinforced with CF, fibers were able to successfully retard
the crack initiation, hence absorbing more energy before reaching the peak load and in PPRM
samples, fibers were able to bridge cracks and restrain propagation after the formation of
cracks while non-fibrous samples failed under brittle behavior at the peak load. Representative
load-displacement curves for non-fiborous, PPRM and CFRM samples are represented in
Figure 38, in which the behavior is well-depicted. However, to better evaluate the effects of
fibers, the absorbed energy until peak load compared to the absorbed energy after peak load,
until 38, is plotted in Figure 39. The figure shows that the pre-crack absorbed energy rises
with an increase in fiber content. However, the amount of pre-crack absorbed energy in CFRM
samples is much more significant compared to that of PPRM. Comparing the results of
samples with different fiber length revealed that increase in fiber length had a positive effect
on the absorbed energy and samples with 12 mm long fibers have larger pre and post cracking
stiffness than those with 6 mm fibers.

The flexural strength results are presented in Figure 40. According to the results, addition
of PP decreased the flexural strength significantly (19.7% to 38.4% compared to CO). Two
main reasons for the strength reduction of the PPRMs are as follows: First, due to deformation
incompatibility of the PP and mortar materials and the presence of the ITZ between fiber and
cement matrix, fibers detach from the matrix under loading, forming microcracks at the
interface of the fibers and cement-matrix; second, adding fibers to concrete increases the
porosity of the structure reducing the ultimate flexural strength.

On the other hand, samples reinforced with CF achieved higher ultimate load than both CO
and PPRMs. This is mainly attributed to the confinement ability of micro CFs, holding and
bridging microcracks in cement matrix, retarding the initiation and growth of cracks and

compensating the strength reduction caused by increased porosity.
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Figure 38. Load-Displacement curve in flexure
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Table 10. Flexural testing results of cement mortar samples

Code Pwmax 6 Eao MR P350 feq350 E3s0 I
(N) (mm) (m]) (MPa) (N) (MPa) (m])

(6{0) 2203 0.31 240.7 10.40 0.0 0.00 240 1.00
0.5P6 1768 0.20 178.4 8.35 334.0 1.58 309.7 1.74
1P6 1721 0.19 135.6 8.13 470.7 2.22 341 2.51
0.5P13 1836 0.29 337.0 8.67 340.5 1.61 564.4 1.67
1P13 1614 0.32 342.8 7.62 800.0 3.78 718.6 2.10
0.5P19 1727 0.39 316.4 8.16 381.5 1.80 561.9 1.78
1P19 1357 0.21 215.0 6.41 645.0 3.05 553.2 2.57
0.5PAM6 2350 0.39 2455 11.10 75.0 0.35 555.6 2.26
1PAM6 2152 0.53 211.0 10.16 146.3 0.69 588.5 2.79
2PAMG6 2027 0.55 284.0 9.57 169.0 0.80 607.5 2.14
3PAM6 1891 0.59 295.4 8.93 187.0 0.88 621.6 2.10
0.5PIM6 2229 0.41 378.3 10.53 0.0 0.00 898 2.37
1PIM6 2381 0.69 381.8 11.24 179.0 0.85 868.1 2.27
2PIM6 2388 0.53 396.2 11.28 201.0 0.95 1137.9 2.87
3PIM6 2029 0.33 194.0 9.58 133.5 0.63 513.7 2.65
0.5PAT6 2411 0.36 257.2 11.38 0.0 0.00 500 1.94
1PAT6 2496 0.33 222.3 11.79 0.0 0.00 700 3.15
2PAT6 2034 0.41 355.0 9.60 398.0 1.88 1001 2.82
3PAT6 1619 0.94 658.0 7.64 326.0 1.54 1889.3 2.87
0.5PAT12 2195 0.69 580.3 10.36 0.0 0.00 1100 1.90
1PAT12 2523 0.50 595.3 11.91 0.0 0.00 1300 2.18
2PATI12 2200 0.69 1000.0 10.39 354.3 1.67 2190.3 2.19
3PATI12 2865 1.19 1333.0 13.53 307.0 1.45 2565.5 1.92

5.3.3.2. Fiber optimization through analysis of model

To have an overall view of the effect of different types of CF on flexural behavior of FRC, a
mathematical model was plotted using polynomial fitting technique. Curve fitting in MATLAB
is the process of drawing a curve that has the best fit to a series of data points to find the
optimum values. The fitting of the surface plot can show the behavioral complexity of the
elements effective in a complex composite. It will also help to find the maximum and minimum
points of the surface to find the optimum values. To find the best fitting curve that covers most
of the data point, the surface quadratic polynomial fitting of experimental values on flexural
strength and pre-crack/post-crack behavior of mortar samples was used and the curves are
presented in Figure 41. The color scheme shows the variations in Z values and the maximum
and minimum flexural strength values are clearly shown in the surface. Considering the
maximum points of the surface, the optimized range for all types of CF is shown to be between
0.5% and 1%.
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Pre-crack/post-crack surface shows a smooth surface, in which the effect of fiber length on
improvement of pre-crack/post-crack energy absorption is well depicted in Figure 41.b and
Figure 41.c. The optimum fiber dosage for both figures is reported to be between 2 and 3%.
However, 12 mm long fibers show satisfactory values in all fiber dosages.

To determine the optimal concrete mix for the next phase, a comprehensive evaluation of
results on fresh properties such as flowability and slump diameter, as well as mechanical
characteristics including compressive strength, tensile strength, flexural strength, and energy
absorption, was undertaken. The assessment also took into account the cost advantages
associated with lower fiber content. After careful consideration, it can be concluded that a fiber

content range of 0.5-1% is deemed the optimum percentage for FRCMs.
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Figure 41. Surface quadratic polynomial fitting of a) flexural strength b) pre-crack absorbed

energy c) post-crack absorbed energy.

5.3.3.3. Flexural behavior of concrete

According to the results given in Figure 42, the flexural strength of CFRCs is greater than
that of unreinforced CO, except for 1PIM6 and PFRCs. Based on the results, the ideal strength
gain is obtained from CFRCs with fiber length of 18 mm. However, in samples reinforced with
18-mm-long fibers, when the fiber content rises from 0.5% to 1%, the corresponding strength
increases from 5.30 MPa to 6.84 MPa, and with the fiber content of 2%, the corresponding
strength drops to 3.84 MPa. The load-displacement curves of FRC samples are plotted in
Figure 43. The reason why the increased fiber contents (more than 1%) do not help increase
the corresponding strength values can be explained by the interaction of the matrix-fiber
structure. Since the cement matrix phase is similar in all mixes, the flexural behavior in
concrete samples is dominated by the contribution of fiber in the mix. If the amount of the fiber
added to the mix reaches a critical level, a weak structure surface in the interior of the formed
backfill matrix will be created, thereby leading to the quicker failure of the sample subjected to
bending. On the other hand, addition of fiber (more than a critical level) to concrete results in
decrease in density and increase in porosity of concrete which can be considered as another
main points of flexural strength reduction in CFRC. In this study, the critical level of the fiber

content was experimentally found to be 1%.

69



Flexural Strength (MPa)
N w E=N (6] (o2}

[y

ol i i ‘ ‘ | I

1P13 2P13 1PAMG 1PIM6  0.5PAT18 1PAT18  2PATI18

Figure 42. Flexural strength of concrete mixes

14000
=10
12000 V= 1% (1PAT18)
10000 +=0.5% (0.5PAT18)
Z 8000 V,; = 2% (2PAT18)
=}
8
— 6000 op =1% (1P13)
4000 Vpp = 2% (2P13)
2000
0

Displacement (mm)

Figure 43. Load-Displacement curve of concrete mixes under flexure

5.3.3.4. Prediction of flexural strength

The flexural strength of FRC can be calculated based on the Composite Theory (CT)
combined with the flexural-to-tensile strength ratio (a). In CT, tensile strength of FRC can be
predicted by having the characteristics of fiber and cement matrix as well as the fiber-matrix
bond strength. In this theory, it is assumed that the tensile strength of composite is a sum of
tensile strength of cement matrix and fiber, and it can be calculated according to Equation 10
[168].

Otc = Oem (1 — Vp) + oV Equation 10
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O is the tensile strength of fiber-reinforced composite (MPa); om is the tensile strength of
cement mortar (MPa); Vs is fiber content by volume of the composite (unitless); oy is the
average tensile strength of the fiber (MPa).

Considering the effect of fiber orientation and length, Equation 10 can be rewritten as
following:

Otc = Ot (1 — Vi) + Moo Ve Equation 11

ox is the tensile strength of carbon or polypropylene fiber; n; is the length factor (unitless); ne

is the fiber orientation factor (unitless) and can be determined by Equation 12 [117]:

Ne = fee"fax p(8) cos* 6dO Equation 12

p(0) is the probability density distribution of fiber orientation; 6 is the inclined angles of fibers
to the cutting plane.

ne = 1 means that that all the fibers are perpendicular to the cut plane and ng= 0 means that
all the fibers are parallel to the cut plane. The fiber orientation factor can be precisely
measured using x-ray computer tomography [169], however, in literatures this factor was
reported to be about 0.5-0.7 [117,168]. In this research fiber orientation was chosen 0.7 for
best fitting of the results.

Length factor in fibers is highly related to the critical length of fiber. The critical length can be
calculated as follows:

cr _ 9f0tmax

f = Equation 13

If" is the critical length of fiber (mm); df is the fiber diameter (mm); 7 is the bond strength

between embedded fibers and cement matrix (MPa).
According to the previous studies, the length factor of fiber during flexural loading can be
calculated as follows [181,182]:

e .
m=1- zf—lf (if e > 19 Equation 14

Ccr
n = lzf—l (iflg < 1§ Equation 15
f

lf is the total fiber length.

Based on Equation 14 and 15, if fiber pullout-length is greater than the critical length, pull-out
failure mode would be observed, and Eq. 12 can be used. Otherwise, Equation 15 will be used
in the case of rupture failure of fiber.

The relationship between the tensile strength of fiber (oy) and fiber critical length for failure is

presented in Equation 16.
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T Equation 16

Therefore, considering ng= 0.7, Equation 11 can be finally derived to calculate the tensile

strength of the fiber reinforced concrete.

Oie = Oy (1 —Vp) + Zl—gfer Equation 17

Having the tensile strength of composite and assuming that a linear relationship exists
between flexural strength (or) and tensile strength (ow) of fiber reinforced cement-based
composites [181], flexural strength can be calculated according to the following:

Ofc= OO0y Equation 18
a is a coefficient (unitless), which usually equals to 2.0 [181,182], however, based on the
preliminary results of cement mortar mixes and average of the calculated value (Figure 44), a
was considered 2 in samples reinforced with PP and 2.6 in samples reinforced with CF.

The predicted and experimental flexural strengths of samples are summarized in Table 11.
The experimental to predicted flexural strength for CFRC mixtures made with 1% PAN-based
CF ranged from 1.11 to 1.34, suggesting good prediction results. However, the predicted
values for PFRC are significantly greater than the values obtained from experiment. The
reason why experimental results are significantly lower is mainly due to the higher porosity of

samples.

Table 11. Comparison of the predicted and experimental flexural strengths

Code Flexural strength (MPa) Experimental to predicted
Experimental Predicted flexural strength
1P13 1.79 5.02 0.36
2P13 2.37 6.81 0.35
1PAMG6 5.81 4.34 1.34
1PIM6 2.29 3.82 0.6
0.5PAT18 5.30 4.55 1.16
1PAT18 6.84 6.14 1.11
2PAT18 3.68 8.51 0.43

72



12 m Tensile Strength — mFlexural Strength 25

aaverage = 20
10 \/\"—‘ 2

< 8
= 15 2
S 6
3 1 7
Py
5 0.5
0 0
0.5P6 1P6 0.5P13 1P13 0.5P19 1P19
(a)
16 . 35
m Tensile Strength  m Flexural Strength
14 aaverage = 26 3
12 25
10
2 Q
8 [
15 &
6 9
4 1
2 05
0 0
o o o o o © W Y
¥ M &FHF &S SR
A AP S I L & v
Q‘§ NN RN > Q‘§ NS

(b)
Figure 44. Variation of tensile strength vs flexural strength in a) PPRM b) CFRM

5.3.4. Flexural behavior of round panels

The yield line analysis method provides an upper limit estimate of the maximum ultimate
resistance of a slab for an assumed mode of failure. The slab is assumed to fail by deflecting
until plastic hinges (yield lines). Yield lines subdivide the slab into parts that rotate about the
hinges until maximum deflection or failure occurs. The yield line theory developed by
Johansen in 1972, is a practical method to provide an upper bound solution for the collapse
load of a structure and can help obtain the flexural strength from the panels [183]. Based on
the flexure behavior of concrete slabs, yield lines could be either symmetrical or non-
symmetrical. Figure 45 Shows the fracture pattern of CO, 0.5PAT18 and 1PAT18 panels.

During the testing, it was observed that all non-fibrous sample failed in a symmetrical yield
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line pattern, while FRC panel experienced a non-symmetrical pattern. The behavior of round
panels was evaluated under bending and the results can be found in Figure 46. The influence
of the increase in fiber content from 0.5% to 1% is compared in the figure. The results show
that 1% fiber content presents a stronger post-cracking response than the 0.5% fiber content,
while 0.5% CF showed slightly higher ultimate strength.

The ultimate load, its corresponding displacement, the displacement at the failure, the
flexural strength and the absorbed energy at 5, 10, 15 and 20 mm displacement were obtained
through load-displacement curves, where the values are the average of three specimens. The
detailed results are presented in Table 12. According to the results, it was observed that the
ultimate deflection in CO sample was 20.6 mm, while this amount was equal to 114.7 mm and
158 mm in 0.5PAT18 and 1PAT18 respectively. 0.5PAT18 showed a comparable flexural
strength compared to non-fibrous panel, while the strength of 1PAT18 was reduced to more
than 20%. 1% CF in panels result in better performance in post-crack stage and panels were
able to absorb an average of 158J energy compared to 114J and 20.6J in 0.5PAT18 and CO
respectively. According to Table 8, absorbed energy values in CO did not fit in the minimum
and maximum energy absorption given by ASTM C1550 [174], while the energy absorbed in
0.5PAT18 (in 5mm deflection) and 1PAT18 (in 5 and 10 mm deflection) samples fit in the
energy absorption range suggested by the ASTM standard.

(@) (b) (c)
Figure 45. Fracture pattern of round panels a) CO b) 0.5PAT18 c) 1PAT18
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Table 12. Summary of flexural behavior of round panels

Peak

load Opeak  Omax MOR Energy (J) Residual Load (N)
Label (N) mm) (mm) (MPa) 5 10 15 20 5
mm_  mm mm mm mm
CO 26218.5 1.7 1.7 5.04 206 20.6 20.6 20.6 0
0.5PAT18 25940.5 3.2 13.0 4.99 78.4 111.1 114.7 114.7 13653 2730
1PAT18 20206.0 3.8 19.2 3.88 84.0 1338 151.0 158.0 16929 6007 2730

Table 13. Minimum and maximum values of energy absorption in C1550 round panel

specimens [174]

Deflection (mm)

Minimum energy (J)

5 61 136
10 121 200
15 195 343
20 236 473

75

Maximum energy (J)



5.3.5. Correlation between beams and panels flexural behavior

Round panels and beams were cast from the same batch of concrete; hence the flexural
behavior of the beam samples and round panels is expected to be closely related. The relation
between flexural strength in beams and panels is presented in Figure 47. It can be observed
that the values from CO round panels did not show much difference compared to those from
beams. On the contrary, in fiber-reinforced samples, the results of round panel were lower (up
to 41%) compared to the beam samples. The results are mainly due to the different
methodology used in beams and panel testing. In center point testing, the specimens are
forced to crack at a given location (middle third), hence the crack does not necessarily open
at the section with low strength material, however, when round panels are subjected to
bending, yield lines follow the weakest sections. Although different methods including addition
of superplasticizer, proper mixing procedure and using tamping rod and internal vibrator to
consolidate the concrete samples were employed to ensure the uniform distribution of fibers,
in samples with more that critical content of CF (1% and more), the fiber balling phenomenon
was inevitable [184] and as a result, as shown in Figure 45, it was observed that the yield lines
in several panels develop over an unsymmetrical pattern. On the other hand, round panels
have a much larger crack area and as a result, they are expected to show a lower variance
compared to beam samples. Figure 47 shows the spread of values in two different bending

tests on each mix design, and as confirmed by the results, flexural strength values in panels

have lower variance compared to beam samples.
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Figure 47. Analysis of variance on beams and round panels
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5.4. Conclusions

The various types of fibers that can improve the performance of cementitious materials

(including mortar and concrete) by decreasing crack initiation and propagation rate are

discussed in this chapter. The experimental performance of polypropylene and CF reinforced

mortar and concrete are evaluated to assess the efficacy of fibers on the rate of cracking in

different samples. Non-fibrous samples are used as reference and the fresh (workability) and

mechanical properties of fiber-reinforced samples are compared to them. The following

conclusions can be drawn from the completed work:

With an increase in fiber content, regardless of fiber type or length, the slump flow ability of
cement mortar decreases. However, with more than 1% fiber, the flowability was reduced
to more than 50%, and with 3% fibers, samples showed 0% flowability. Fiber length was
reported to have a negative effect on the flowability of FRCM.

Concrete slump values exhibited a remarkable loss as 0.5% and 1% CF decreased slump
value up to 63% and 90% respectively. 1PAT18 was the only mix where the slump value
was within the range of 25—-75 mm, which can be classified as the proper mix for pavement
and slab application.

The compressive strength of PPRMs with volume fraction of 0.5% and 1% was 6.2% to
15.2% lower compared to non-fibrous concrete specimens. However, in CFRMs addition
of fiber up to 1% led to a negligible +5% change in compressive strength of mixes and as
the CF content increased to 3%, all samples experienced a notable strength loss up to -
38%. The reason behind this observation could be an increase in porosity and appearance
of ITZ between fibers and cement matrix.

In FRC, the highest compressive strength (~42 MPa) was found in non-fibrous concrete
and the compressive strength of all samples decreased with an increase in fiber content.
The least decrement was found in 1IPAM and 0.5PAT, which experienced approximately
4.8% and 15.2% strength reduction respectively and the highest decrements was in PFRCs
with more than 15 MPa strength reduction. The mechanical strength of FRC is closely
related to the existence of porosity in the composite. With the inclusion of fibers, the
porosity within FRC tends to increase, leading to a reduction in mechanical properties,
notably compressive strength. Neither of the PFRCs meet the minimum strength
requirement from CSA for any structural and non-structural applications.

The flexural strength results showed that addition of PP decreased the flexural strength
significantly (-19.7% to -38.4% compared to non-fibrous samples), which is mainly due to
the deformation compatibility between fiber and cement matrix and presence of ITZ.
However, CFRMs achieved higher ultimate load than both NC and PPRM samples. This

was mainly due to the confinement ability of micro CF holding and bridging microcracks in
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cement matrix.

During flexural testing, CFRMs were able to successfully retard the crack initiation, hence
increasing the pre-crack energy and in PPRM samples, fibers were able to bridge cracks
and restrain crack propagation, while non-fiborous samples experienced brittle failure.
Increase in fiber length had a positive effect on the pre-crack/post-crack absorbed energy.
The quadratic polynomial fitting of a surface was used to show the optimum fiber dosage
and length using the available information on the flexural strength. Considering the
maximum points of the surface, the optimized range for flexural strength of CFRMs was
shown to be between 0.5% and 1%. However, the optimum fiber dosage for pre-crack/post-
crack energy absorption is reported to be 2% to 3%.

Based on flexural strength results, the strength of FRCs is greater than that of non-
reinforced concrete, except for 1PIM6 and PFRCs. Fiber length was reported to have a
positive effect on flexural strength and the critical level of the fiber content was
experimentally found to be 1%. Flexural strengths of concrete samples were predicted
using the composite theory. The experimental to predicted flexural strength for CFRCs
reinforced with PAN-based CF ranged from 1.11 to 1.34, suggesting good corroboration
with predicted results. On the other hand, the predicted values for PFRCs are significantly
higher than the experimental values which is mainly due to the higher porosity of samples.
Analysis of Variance between flexural behavior of beams and panels showed that CO round
panels didn’t show significant variation when compared to those from beams. On the
contrary, in FRCP, the results of round panel were up to 41% lower compared to the beam
samples. The difference is mainly due to the different methodology used in beams and

panel testing.
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Chapter 6. Cement matrix deterioration after freeze-thaw exposure in electrically
conductive carbon fiber-reinforced concrete

Paper Title: Analyzing concrete deterioration after freeze-thaw exposure in electrically
conductive carbon fiber-reinforced concrete using non-destructive evaluation

methods.

Author(s): Maryam Monazami, Rishi Gupta

This chapter, which is a submitted research paper in a peer-reviewed journal aims to analyze
the bond-deterioration process during FT exposure in electrically conductive CFRC utilizing
non-destructive methods. The focus is on understanding the effects of FT cycles on the bond
strength between CFs and the concrete matrix. NDTs are employed to assess the bond
condition without causing damage to the specimens. The study seeks to gain insights into the
deterioration mechanism and behavior of CFRC under FT conditions, which is crucial for
evaluating the long-term performance and durability of CFRC structures in cold regions. By
analyzing the bond characteristics using non-destructive methods, this research contributes
to a better understanding of the behavior of CFRC and provides valuable information for the
development and optimization of CFRC mixtures for enhanced durability in freezing

environments.

6.1. Introduction

In 2018, road accidents in Canada resulted in the tragic loss of 1,759 lives, with an
additional 23,872 individuals being hospitalized due to severe injuries. The transportation
sector incurred significant costs, ranking second highest at $3.6 billion in relation to these
injuries. Among the various contributing factors, the presence of snow-covered roads and
snowy conditions emerged as the primary cause of these accidents [185]. Data from the traffic
accident information system (TAIS) supports this, indicating that accidents tend to increase
during the winter season due to the detrimental effects of snow. Snow reduces the pavement's
roughness and decreases the friction between tires and the road surface [186].

In order to address the hazardous effects of snow and ice on streets, researchers have
been investigating various strategies and techniques to effectively managing icing and de-
icing on roads. While mechanical snow removal is the most common method used, it is both
time-consuming and expensive. Although mechanical snow removal is the conventional
approach, it has drawbacks such as being time-consuming and costly. Additionally,
snowplows often leave behind a thin layer of snow that necessitates further removal efforts

[187]. Synthetic materials have been introduced to support the de-icing process, but some of
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these substances have been found to cause considerable damage to infrastructure and the
environment [188,189].

The harmful effects of snow on road pavements are attributed to the behavior and response
of concrete under freezing conditions. The damage caused by freezing and thawing cycles in
concrete can be explained by two established theories: the hydraulic pressure theory and the
osmotic theory. According to the hydraulic pressure theory, the expansion of water during
freezing exerts pressure on the pore walls or surrounding unfrozen water, leading to the
formation of microcracks [190]. Conversely, the osmotic theory suggests that the difference in
water vapor pressure between large and small pores causes water to be forced into smaller
pores through osmosis, potentially resulting in microcracking if the tensile strength of the pore
walls is exceeded [191].

Concrete contains air voids, categorized into three types based on their size: pores larger
than 5 um, capillary holes ranging from 5 nm to 5 ym, and gel pores smaller than 5 nm. [192].
During freezing, the larger open pores within the concrete experience expanding pressure as
water transitions into ice, causing a volume increase. If this pressure surpasses the concrete's
tensile strength, microcracks may develop, compromising the structural integrity of the
pavement [193].

The presence of capillary voids, and gel pores contributes greatly to the damage caused
by freezing and thawing cycles. Capillary holes permit water to enter the concrete and are
consistent with hydraulic pressure theory [190]. When water freezes and swells within these
capillary holes, it exerts pressure on the surrounding pore walls, causing microcracks and
deterioration. The osmotic theory is connected with gel pores, which are smaller in size.
Because these small pores have lower water vapor pressure than bigger pores, water
migrates towards them via osmosis. This migration increases pore pressure and may exceed
the tensile strength of the pore walls, leading to the formation of microcracks and further
concrete degradation [10].

To enhance frost resistance and prevent micro-cracking, the use of fibers as
reinforcements in concrete has been widely advocated [194,195]. Numerous studies
investigated the durability and mechanical characteristics of cementitious composites
reinforced with various types or amounts of fiber [196—-199]. Dong et al. [197] studied the effect
of polyethylene and steel fiber on the FT behavior of FRC. The results showed that due to the
high compactness of concrete, the relative dynamic modulus of elasticity of FRCs are
unaffected by hundreds of FT cycles. Ren et al. [151] studied the effect of adding
polypropylene fibers in concrete and resulted that PP fiber was a good option to increase the
concrete’s resistance to frost. The effect of adding Basalt fiber in concrete was investigated
by Li et al. [198] and a significant improvement in mechanical behavior and mass loss when

the amount of fiber increased in the concrete was reported. Jute fibers are also reported to

80



improve the dynamic modulus of elasticity of concrete and concrete with jute fibers were
reported to sustain freezing and thawing cycles better than normal concrete [199].

Furthermore, beyond the use of standard fibers, there is an intriguing path for further
improving concrete performance in colder locations. While the use of electrically conductive
CF in concrete-related technologies has been thoroughly researched and published in a
variety of applications [27,71,187,200], there is currently a research gap in the freezing and
thawing behavior of electrically conductive composites. A comprehensive and in-depth
analysis is necessary to adequately analyze the appropriateness and possible benefits of
using CFs in concrete for places prone to cold weather conditions.

The significance of this chapter lies in its comprehensive exploration of the performance of
electrically conductive composites under freezing and thawing cycles, utilizing a set of non-
destructive evaluation (NDE) techniques. By studying how these composites behave during
FT cycles and assessing their structural integrity using NDE methods, the research provides
crucial insights into their durability and performance in colder climates. The results showed
that after 300 freeze-thaw cycles, all the test results clearly indicated that the FT cycles
significantly affected the properties of CFRC. The damage to the concrete increased with
higher fiber concentrations. The optimal fiber dosage was determined to be 0.5%, which
generally exhibited the best performance in terms of dynamic modulus of elasticity and mass

loss, while effectively preserving the structural integrity under repeated freezing and thawing.

6.2. Experimental investigation

6.2.1. Materials

The aggregates’ gradation curve is depicted in Figure 10. The Teijin Cooperation provided
PAN-based CFs with 18 mm length. Digital microscope and SEM images of CFs are shown
in Figure 48. In this study, 5 groups of concrete mixtures with different concentrations of CF
(0%, 0.5%, 1%, 2% and 3% by volume) were considered to examine the effects of fiber on the
FT behavior of CFRC. To enhance the concrete's resistance to degradation caused by FT
cycles, a target air content between 5% to 8% was maintained for all mixes. The concrete mix

design is provided in

Table 14. To ensure accuracy, three specimens are tested for each test, and the average
value is reported. Abbreviations were denoted in such a way that the first number shows the
dosage of fiber, and the last number illustrates the length of the fiber. Non-fibrous mix
abbreviated as CO.
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(a) (b) (©)
Figure 48. Images of a) digital microscope, b & c) SEM of PAN-based carbon fibers

Table 14. Mix designs of five different CFRC mixes

Mix Fiber Gravel Sand Cement Flyash Water
(kg/m3) % (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m)
CO 0 0 1055 815 276 60 148
0.5CFT18 9 0.5 1055 815 276 60 148
1CFT18 19.0 1 1055 815 276 60 148
2CFT18 39.0 2 1055 815 276 60 148
3CFT18 48.0 3 1055 815 276 60 148

6.3. Methods and equipment

6.3.1. Preliminary mechanical tests

Cylindrical samples were subjected to a 28-day compression strength test as per ASTM
C39 [201]. The loading speed ranged between 900 and 1800 N/s. The results presented are
the average of three samples that were molded from the same batch of concrete and
evaluated at the same age. To examine the flexural behavior of materials, center-point
bending tests were performed on prismatic specimens of 100 x 100 x 400 mm in accordance
with ASTM C293 [202]. A universal testing machine from Measurement Technology Inc (MTI)
with a maximum load capacity of 225 kN was employed to apply the load. The load was
applied using a load cell at a speed of 1 mm/min. Two linear variable differential transformers
(LVDTs) were mounted at the center of each sample. The amount of absorbed energy was
determined by integrating the area under the load-displacement curve [175]. The amount of
flexural toughness was calculated at 36, (corresponding displacement with 3 times as high as

the corresponding displacement of the maximum load, &o).

6.3.2. Freeze-thaw cyclic test
The experiments were carried out in a Humboldt HC-3186S4F freeze-thaw chamber

(Figure 49). The test, which involved rapid freezing and thawing in water, was carried out in
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accordance with ASTM C666 [203] standard. Each FT cycle consisted of rapidly freezing and
thawing the specimens in water. The temperature of the specimens was reduced from +4.4
°Cto-17.8 °C and thenraised from -17.8 °C back to 4.4 °C. This temperature change occurred
over approximately 3.5 hours. It is worth noting that the freezing and thawing times were
roughly equal within a single FT cycle. At regular intervals, specifically every 30 cycles of FT,
the machine was halted. Nondestructive testing (NDT) methods were employed to evaluate
the behavior of the samples. These NDTs were performed on specimens in the saturated
surface dry (SSD) condition at room temperature. The testing process continued until 300

cycles of FT were completed.

Heating Pads

S

+Stainless Steel Sample Mold

Figure 49. Freeze-thaw test setup

6.3.3. Mass loss

When concrete is subjected to repeated FT cycles, the water traps within its pores can
freeze and expand. As mentioned earlier, this expansion exerts internal pressure on the
concrete, leading to microcracks and damage. Upon thawing, the water within these cracks
can refreeze during subsequent cycles, causing further deterioration and expansion. This
cyclic process can result in the spalling of surface mortar and a reduction in the overall mass
of the concrete. To quantify the extent of mass loss and evaluate the concrete's frost
resistance, the mass loss ratio (AM) is commonly utilized. The formula to calculate the mass

loss ratio is as follows:

AM,, = w Equation 19

AM, is mass loss ratio after n FT cycles (%); M» is mass of sample after n FT cycles and Mo
is mass of sample at 0 FT cycle.
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6.3.4. Resonant frequency test

As with the compressive strength of concrete, the dynamic modulus of elasticity is one of
the most significant features illustrating mechanical performance [204]. ASTM C215 [205],
specifies a procedure for determining the dynamic elastic modulus of cementitious materials
using the resonant frequency of prismatic specimens. As indicated in Figure 50, the process
involves attaching a PCB Piezotronics 353B15 accelerometer near the top of the specimen
and striking the specimen's center with a hammer to measure the transverse frequency. The
resonant frequency data, captured by the accelerometer and recorded using an Olson
Instruments RTG-1 Resonance Test Gauge, is used in equations 2 and 3 to calculate the
dynamic elastic modulus. This test method provides valuable information on the material's
elastic behavior under dynamic loading conditions.

Eq = CMy? Equation 20

Eq is dynamic modulus of elasticity (Pa); C is dimensional factors of the specimen; M is mass
of the specimen (kg); and n is fundamental transverse frequency (Hz).

_ (Ed)n .
P. = (_(Ed)o) 100 Equation 21

P. is relative dynamic modulus of elasticity after n cycles of freezing and thawing (%); (Ea)n is
dynamic modulus of elasticity after n cycles of freezing and thawing; and (Eq)o = initial dynamic
modulus of elasticity at O cycles of freezing and thawing.

Hammer

Figure 50. Resonant frequency test

6.3.5. Ultrasonic pulse velocity test

The ultrasonic pulse velocity (UPV) method is a NDT technique used to measure the speed
of an ultrasonic pulse in a material, such as concrete. It is a practical method for assessing
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the quality of concrete because the pulse velocity is primarily influenced by the elastic
properties of the material and not its geometry [206]. The density and elastic qualities of the
material affect how quickly these waves go through solid materials. The UPV test measures
the speed at which ultrasonic pulses propagate through the material. The test setup consists
of an emitter that emits ultrasonic pulses, a receiver that receives the pulses, and a device
that displays the time it takes the pulses to travel between the emitter and the receiver (Figure
51). The portable Proceq Pundit UPV tester with a frequency of 54 kHz was used in this test.
Three beams from each mixture were tested, and the average UPV values were calculated
under Saturated Surface Dry (SSD) condition. The following equation can be used to calculate
the pulse velocity in accordance with ASTM C597 [207].

V= % Equation
22

V is the pulse velocity (m/s), L is path length (m) and t is transit time (s)

Equation 5 provides the relationship between UPV and dynamic modulus of elasticity [208]:

2 A+ (1-2p)

Eq =pV (1-w

Equation 23

Eq is dynamic modulus of elasticity (DMOE) (Pa); u is dynamic Poisson’s ratio; p is concrete
density (kg/m?®); and V is pulse velocity (m/s).

For the calculation of DMOE, the Poisson’s ratio of concrete is assumed to be 0.2 [209,210].

Proceq UPV device

UPV Probe

Figure 51. Ultrasonic pulse velocity test

6.3.6. Infrared (IR) thermography technique

Another NDT used to determine the extent and depth of flaws in concrete specimens is
infrared thermography. There are two alternative IR thermography testing procedures
depending on the source of the heat. The active technique, which uses an external thermal

stimulation, induces the necessary heat flow condition on the concrete under investigation.
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The passive strategy, a popular method for monitoring the health of infrastructure, relies on
solar heating and fluctuations in the surrounding temperature [211]. During the day, the light
both directly and indirectly warms the concrete by increasing the surrounding temperature.
Heat is absorbed by concrete, which then begins to radiate energy. the surface area above
any subsurface delamination resists heat transfer and warms up more quickly. This can be
seen on IR images as a "hot spot” on the concrete surface. The region of sound concrete,
however, loses heat at a slower pace than delaminated sections at night when the ambient
temperature typically drops. Thus, subsurface delamination shows up on thermal IR imaging
as” cold spot” on the concrete surface [212]. In this study, the FLIR E60, a high-resolution
thermal camera with 25 x 19-degree field of view and thermal imaging at 320 x 240 pixels,
was employed. The camera settings were adjusted to enable it to capture infrared (IR) images
under controlled laboratory conditions. Features and specifications of the camera is
summarized in Table 15.

Table 15. Features and specifications of the FLIR camera

ltems Parameters
IR camera resolution 320 x 240 pixels
IR FOV 25°
IR spectral range 7.5-13 um
IR temperature range -20° to 650° C
Visible camera resolution 2048 x 1536
Image Fusion Yes, MSX

6.3.7. Hammer percussion

ASTM D4580 describes [213] a number of common techniques for acoustically probing
concrete to find delamination, including the hammer percussion (HP) technique. The hammer
percussion method as shown in Figure 52 involves striking concrete samples with a hammer
to cause an acoustic disturbance, and recording the resulting acoustic response with a
microphone [214]. The acoustic signal can be further analyzed to extract valuable information
such as resonance frequencies. In this particular study, the specimens were positioned on a
sponge rubber pad and struck using a steel ball hammer weighing 56.7 g. The resulting sound
response was captured using a recording setup consisting of an audio recorder and a pair of
microphones. Specifically, a Polsen OLM-20 Dual Omni directional Lavalier Microphone was
used as the microphone, while a Zoom H1 digital voice recorder with a maximum sampling
rate of 96 kHz and 24-bit depth was utilized. The Zoom H1 recorder's 24-bit analog-to-digital

conversion capability ensures precise data acquisition during post-production analysis.
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Audio Recorder

Figure 52. Hammer percussion test

6.4. Results and discussion

6.4.1. Compressive strength

The average initial compressive strength and flexural characteristics of samples (flexural
strength, initial energy absorption and toughness index-ls) are displayed in Table 16. It is
important to note that in cylindrical samples with 3% CF, it was difficult to grind or cap the
samples because of their extremely low strength and presence of large voids, which caused
the samples to break during the grinding process and even during handling. It can be seen
that the compressive strength of all samples dropped as the amount of CF increased. The
minimum specified compressive strength required by CSA A23 [180] standards for non-
structurally reinforced concrete exposed to chlorides and freezing and thawing, such as
concrete pavements and slabs, is 32 MPa. As a result, for this application, the maximum
permissible amount of CF that can be added to concrete while preserving its initial mechanical
properties is 0.5%. This limited addition of CF is necessary to ensure that the strength values
of the concrete remain within the range recommended by CSA standards.

Figure 53 shows the crack patterns of samples after failure in compression test. It was seen
that CO samples exhibited a few macro vertical cracks and experiences a brittle failure, while

all samples reinforced with CF failed in a ductile mode with a number of thinner cracks.
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0.5CFT18

2CFTI18

Figure 53. Fracture pattern of concrete samples after compression test

6.4.2. Flexural properties

To further investigate the impact of CF addition in concrete, the flexural strength of the
samples was evaluated. Flexural properties of samples were investigated at two stages (one
before the start of FT test and secondly after FT test completion). Table 16 displays the flexural
properties of the samples at 0 and 300 FT cycles. The results at 0 FT cycle demonstrate that
the flexural strength of samples (also known as the modulus of rupture, or MOR), dropped as
the concentration of CF increased, following a similar trend to that of compressive strength.
However, the inclusion of CF (up to 2%) greatly improved the pre-crack and post-crack
characteristics. 0.5CFT18, 1CFT18 and 2CFT18 absorbed 162, 184 and 135% more energy
respectively before the failure of beams which is a significant improvement also has been
confirmed in previous study by the authors [77]. According to Table 16, the specimens
reinforced with 1% CF exhibited the most favorable energy absorption and post-crack
behavior, specifically in terms of initial absorbed energy. These specimens demonstrated a
toughness index (15) of 3.94, indicating their ability to absorb energy even after cracking has
occurred. In contrast, the samples without any fiber reinforcement had a toughness index of
1.02 indicating a lack of post-crack energy absorption capability. The other fiber-reinforced
samples showed toughness values of 2.88, 3.94, and 6.5 for the 0.5CFT18, 1CFT18, and
3CFT18 specimens, respectively. These results suggest that increasing the CF content
generally leads to improved post-crack behavior and higher energy absorption capacity, with
the 2% CF sample demonstrating the best performance in this regard. It is noteworthy to
mention that even though the sample with 3% CF had the highest Is value, the low values of
MR and initial energy absorption indicate that this high Is value is not representative of actual

improved performance.
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Table 16. Average compression and flexure properties of samples

0 FT cycle 300 FT cycles
Compressive Modulus Modulus
Label SD Einitial Is of SD Reduction
strength of rupture
rupture
(MPa) SD (MPa) (N.mm) (MPa) %
Cco 46.76 2.67 9.24 0.4 765.5 1.02 8.35 0.62 9.63
0.5CFT18 31.12 1.27 8.65 0.01 2010.67 2.88 7.82 0.79 9.6
1CFT18 16.8 1.29 5.91 0.99 21805 3.94 5.35 0.23 9.48
2CFT18 7.56 1.59 3.65 0.63 1805 5.75 1.67 0.52 54.25
3CFT18 X X 1.59 0.17 826.5 6.5 0.7 0.14 55.97

Furthermore, a significant disparity in strength between specimens becomes evident
following 300 cycles of FT exposure. As observed in Table 16, the flexural strength of CO
beams and beams with 0.5% and 1% CF exhibited a reduction of approximately 9% after 300
FT cycles. In contrast, the beams containing 2% and 3% CF experienced a drastic decrease

in flexural strength, showing a remarkable reduction of nearly 55%.

The higher dosage of CFs in the concrete leads to the development of increased voids and
gaps within the concrete matrix. These voids and gaps provide pathways for water to penetrate
into the concrete, exacerbating the damage caused during FT cycles. As a result, the concrete

becomes more porous, and larger cracks form, compromising its structural integrity.

6.4.3. Mass loss

The surface condition of representative samples of different mixes after being subjected to
a total of 300 FT cycles is shown in Figure 54 and the mass loss of the samples at each FT
cycle is shown in Figure 55. According to Figure 55, there are two primary stages in the mass
loss curves: a gradual decline stage and a rapid drop stage. During the initial 60 FT cycles,
the mass loss remained consistently low across all samples. However, beyond this threshold,
the rate of mass loss notably increased, particularly in samples with higher fiber volumes. The
shift from gradual to accelerated concrete damage happens due to crack formation during FT
cycles. This is intensified when water and other expanding materials occupy existing pores
and new cracks. Exceeding the concrete's tensile strength causes cracks, allowing moisture
and harmful substances to penetrate deeper. Water exacerbates expansion and contraction
during FT cycles, accelerating crack growth and damage. The presence of additional CFs,
coupled with an increase in the number and width of cracks, leads to increased porosity and
greater retention of water within the samples. The mass loss increases significantly when the
pores and newly formed microcracks interconnect, creating pathways that facilitate the easy

movement of water through the concrete sample. Furthermore, the findings regarding mass
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loss were consistent with the visual observations. Samples containing 3% fibers not only
exhibited visible surface deterioration after 300 FT cycles but also experienced a mass loss
exceeding 1%. This is while no bulk damage was observed in specimens with 0% and 0.5%
in long term, as seen by the almost constant mass with FT cycles.

The equation derived from the mass loss data enables the estimation of mass loss
percentages with a high level of accuracy for samples with up to 2% of CF.
AMn=-0.0011C+0.0229 Equation 24

Where AM, is mass loss (%) and C is FT cycles.
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Figure 54. Scaling of samples at different FT cycles
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Figure 55. Mass loss of all samples at different FT cycles

6.4.4. Dynamic modulus of elasticity

An essential characteristic that shows the interior damage brought on by freezing and
thawing is the dynamic elastic modulus [215]. To calculate the dynamic modulus of elasticity
(DMOE) in concrete, stress wave and ultrasonic techniques have become highly common
[216]. In the sections that follow, the dynamic modulus of representative samples will be

determined using UPV, RFT, and HP techniques, and the results will be compared.
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6.4.5. Ultrasonic pulse velocity

The propagation velocity of ultrasonic longitudinal stress waves (P-wave) through concrete
in UPV test can be related to composite components used in concrete, such as cement,
aggregate, and fiber type, aggregate-cement ratio and water-cement ratio [217]. Because the
only difference between the five groups of samples is the amount of CF, the presence of fibers
can be considered as the only cause of differences in UPV at each FT cycle. Figure 56 shows
that adding CF to concrete lowered the velocity, which is caused by the addition of CF, which
makes the matrix more porous. It should be mentioned that determining the UPV in concrete
is an indirect testing method to learn more about the material’s permeability and pore structure
and the test is usually paired with other NDTs to get a more accurate prediction [214,218—
220]. As a result, this study also looks at various NDTs to provide more conclusive and
complete conclusions regarding the effects of employing CF in concrete.

The five sets of concrete specimens (CO, 0.5CFT18, 1CFT18, 2CFT18, and 3CFT18) had
initial ultrasonic velocities of 6657, 6623, 5105, 4227 and 3329 m/s respectively. As it is shown
in Figure 7, For CO and 0.5CFT18 samples, the change in velocity was more gradual, but for
the other three groups, the fall in velocity was more abrupt as the number of FT cycles
increased. For each set of specimens, the fitting curves with the highest coefficient of
determination (R2) are presented as dashed lines. Itis demonstrated that the polynomial fitting

has the maximum reliability proposing that the equations can be used to predict UPV variations

over time.
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Figure 56. Ultrasonic pulse velocity variations at different FT cycles

Figure 57 shows the relation between the dynamic modulus of elasticity and FT cycles. As
can be observed, the variations in the DMOE of the five groups of concrete specimens that

underwent FT cycles exhibited patterns that were comparable to those of the ultrasonic pulse
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velocity under FT cycles. Polynomial fitting which demonstrated a satisfactory reliability
threshold, was the best fitting curve that described the variability of DMOE. As shown in Figure
57, in CO and 0.5CFT18, the DMOE of frozen-thawed concrete showed a slow declining stage
and a quickly declining stage. The main reason is because during the early stages of the FT
cycle, degradation occurs mostly on the concrete surface due to the dense pore structure in
CO and 0.5CFT18, and the relative dynamic elasticity modulus gradually declines. On the
other hand, the damage to the samples is further aggravated by the addition of CF above
0.5%, which also results in additional pores being created inside the concrete. Due to the
increased porosity of such concrete, water can enter the interior and cause microcracks

beginning with the early FT cycles, significantly decreasing the dynamic elasticity modulus.
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Figure 57. (a) DMOE variations at different FT cycles derived from UPV results (b) equation
to predict DMOE for CF<1% and (c) equation to predict DMOE for CF>1%
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To predict the DMOE with acceptable precision based on the obtained data, it is necessary
to categorize the behavior of the samples under FT cycles into two distinct groups. The first
group consists of samples with CF content less than 1%, while the second group includes
samples with CF content ranging from 1% to 2%. The equations are as following:

If CF<1%

E4=-0.001C24+0.1077C+92.49 (R2=0.77) Equation 25
If CF>1
E4=0.00009C2-0.1974C+46.107 (R2=0.79) Equation 26

Where E4 is the dynamic modulus of elasticity (GPa) and C is the FT cycles

6.4.6. Resonant frequency

The fundamental bending, longitudinal, and torsional modes of vibration of a beam can be
properly represented with a closed-form expression. If only the 1-D motion of it is considered
[119]. This approximation is the foundation of the approach for calculating dynamic elastic
constants from vibration frequencies described in ASTM C215 [159]. According to the
standard, the concrete beam was struck with a hammer at various points to stimulate the three
primary vibration modes (longitudinal, transverse, and torsional). The mechanical vibrations
picked up by the sensor are then converted into time-domain signals, which are then turned
into spectrum by a Fast Fourier Transform (FFT) method.

Based on the position and strength of the peak in the frequency-domain spectrum, the
frequency of each fundamental vibration mode can be calculated [120]. Using either the
longitudinal or transverse fundamental frequency, young’s modulus of the samples can be
determined [159]. However, it was found that the transverse mode was preferable since the
peak of the longitudinal fundamental vibration mode was relatively gentle, making the peak
position easily impacted by noise and leading to a more subjective assessment [221]. As a
result, only the transverse frequency was utilized for the dynamic modulus investigation in this
chapter.

Figure 58 shows the relative dynamic modulus of elasticity values and the dynamic
modulus of elasticity for all samples at various FT cycles. Samples with 0.5% CF had
comparable results to non-reinforced ones. According to Figure 58.a, there is a definite trend
showing that the dynamic modulus decreases exponentially as fibers concentration increases.
According per ASTM C666 [158], the test should continue until the beam has gone through
300 cycles or, if earlier, until its relative DMOE reaches 60% of the initial modulus. Hence, a

60% drop in DMOE can be regarded as a beam failure. Considering what was recently stated,
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all samples with 1, 2, and 3% of CF failed before 60 FT cycles, however those with 0.5% fiber
were able to endure 300 FT with a minimal decline in DMOE.

Although CO and 0.5PAT18 greatly outperformed other samples in both UPV and RFT
tests, the findings of the comparison between the two test results were inconsistent in terms
of the trend for DMOE. It is demonstrated that in UPV test, the DMOE decreases proportionally
as the FT cycle increases, however in RFT test, the DMOE difference was only negligible until
300 FT cycles in both CO and 0.5PAT18 samples. It was also shown that the DMOE results
did not have similar magnitudes. In comparison to RFT results, it was claimed that UPV

exhibited substantially higher values.
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Figure 58. Dynamic properties at different FT cycles derived from RFT results

6.4.7. Hammer percussion

Dynamic properties of CO and CFRC samples are shown in Figure 59. The results
demonstrate that the 0.5CFT18 and CO samples exhibited the least reduction in DMOE, with
decreases of 15% and 10% respectively after 300 FT cycles. These findings suggest that
samples containing 0.5% CF are the most resilient to the detrimental effects of FT cycles.
The relative dynamic elasticity modulus showed distinct patterns for different samples. For CO
and 0.5CFT18, the decrease in DMOE followed a linear trend, indicating a gradual and
consistent decline in their dynamic elasticity modulus as the FT cycles progressed. On the
other hand, the behavior of the remaining samples (1CFT18, 2CFT18, and 3CFT18) followed
a polynomial fitting curve, suggesting a more complex and non-linear relationship between the
FT cycles and their dynamic properties.

After 60 FT cycles, samples with 1% and 2% of CF experienced a dramatic reduction in
the relative dynamic elasticity modulus, surpassing a 60% loss. This considerable decrease
indicates severe damage to the specimens, compromising their dynamic properties and
structural integrity. Visual inspection further confirmed the impaired condition of these

samples, corroborating the detrimental effects of FT cycles on their overall performance.
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Despite having a very low initial DMOE value in 3CFT18 samples, indicating a structurally
weak sample from the beginning, its dynamic properties deteriorated rapidly. As early as 30
FT cycles, the relative dynamic elasticity modulus began to fall dramatically. This emphasizes
the poor structural quality of the 3% CF sample, which rendered it highly susceptible to the
negative impact of FT cycles. Visual inspection also confirmed the compromised structural

integrity of the specimen.
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Figure 59. Dynamic properties of samples at different FT cycles derived from HP results

6.4.8. Infrared imaging

Figure 60 shows infrared images of samples at 0 and 120 FT cycles. At 0 FT cycle, the CO
sample exhibits the most uniform temperature distribution among all the samples. This
suggests a relatively consistent homogeneity in the CO sample, indicating a more uniform
structure. The 0.5% CF sample exhibits void areas before the start of FT testing, these voids
were visible in the infrared images, and indicated the presence of pores within the material.
However, after undergoing 120 FT cycles, the infrared images of the 0.5CFT18 sample remain
intact. This suggests that the structural integrity of the 0.5CFT18 sample has been maintained,
despite the presence of voids. In contrast, the CO sample shows some observable
deterioration parts on its surface. The degradation amount of CO and 0.5CFT18 at 120 FT
cycles were comparable according to the FLIR photos.

The high porosity of the 3CFT18 samples was already confirmed from previous tests. The
infrared images in Figure 60 further confirm the presence of a porous structure in those
samples. The infrared images provide visual evidence of the porous nature of the 3CFT18
samples, with the increased porosity becoming more apparent as the cyclic FT loading
progresses. These findings suggest that the 0.5CFT18 sample may possess superior

characteristics that contribute to the highest resistance to FT damage.
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(a) CO-0 FT cycles

(c) 0.5CFT18-0 FT cycles (d) 0.5CFT18-120 FT cycles
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Figure 60. Infrared images of samples at 0 and 120 FT cycles

6.5. Result agreement

A comparative analysis was conducted to assess the reliability of three testing methods,
UPV, RF, and HP, in evaluating the dynamic modulus of elasticity (DMOE) of concrete
specimens subjected to FT cycles. The main objective was to determine if the test results from
these non-destructive testing (NDT) methods could be correlated and indicate their suitability
for testing FT concrete specimens.
To evaluate the agreement between the testing methods, Figure 61 presents a summary of
the DMOE achieved in UPV, RF, and HP tests. Each sample at every FT cycle is represented
by three values corresponding to each NDT method. The analysis of the data has yielded
interesting findings.

e Inthe UPV test, initial UPV values ranged from 6657 m/s (CO) to 3329 m/s (3CFT18).
The velocity decline was gradual for CO and 0.5% CF samples but more abrupt for
higher CF concentrations, as FT cycles increased. The addition of CF above 1% resulted
in a decrease in UPV, indicating increased porosity & permeability due to CF presence.
UPV provided indirect information about permeability and pore structure, but additional

NDT methods were necessary for accurate predictions. Polynomial fitting was found to
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be the most reliable method for predicting UPV variations over time.

The DMOE obtained from the RF test showed a similar trend to UPV under FT cycles.
CO and 0.5% CF samples exhibited a slow declining stage followed by a rapid decline
due to degradation and increased porosity with higher dosage of CF addition. The
DMOE difference was only negligible until 300 FT cycles in both CO and 0.5PAT18
samples, as observed in the experimental data. For higher CF addition, the periodic
freezing and thawing decreased the dynamic elastic modulus of concrete, with the loss

rate stabilizing after more FT cycles.

In the HP test, CO and 0.5% CF samples showed the least reduction in DMOE after 300
FT cycles. A linear decline was observed in DMOE, while higher CF concentrations
showed a non-linear relationship with FT cycles. Samples with 1% and 2% CF
experienced a drastic reduction in DMOE after 60 FT cycles, indicating severe damage.
The 3% CF sample had low initial DMOE and deteriorated rapidly, suggesting poor

structural quality.

The samples with 0% and 0.5% CF content demonstrated the highest consistency among

the three tests. This indicates that the results obtained from UPV, RF, and HP tests for these

samples did not align well. However, the HP and RF test results showed strong agreement

with each other in nearly all samples, suggesting a significant correlation between these two

testing methods.

There can be discrepancies in the test results obtained from the UPV test compared to the

HP and RF tests. These disparities arise due to the distinct physical principles and

mechanisms underlying each of these testing methods.

The UPV test involves measuring the propagation velocity of ultrasonic longitudinal
stress waves through the concrete specimens, relying on ultrasound penetration to
evaluate the dynamic properties of the material. It provides valuable information about
the speed of sound wave transmission, which can be correlated with the DMOE of the

concrete [222].

On the other hand, the HP and RF tests operate under impact loading conditions. In
the HP test, a hammer strikes the concrete surface, while in the RF test, the concrete
beam is stimulated to vibrate in its fundamental modes. The resulting mechanical
vibrations are analyzed to determine the resonant frequencies, which can be
associated with the DMOE of the concrete [223].

In conclusion, there can be disparities in the test results obtained from the UPV, HP, and

RF tests due to the different physical principles underlying these methods. UPV relies on
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ultrasound penetration, while HP and RF tests operate under impact loading conditions. The
comparison of the HP and RF methods provides insights into their agreement and suitability
for evaluating the DMOE of concrete specimens subjected to FT cycles. The observed
similarities suggest a consistent and reliable assessment of the DMOE using these methods.
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6.6. Conclusion

This study examines the effects of CFs on both the dynamic and static mechanical
characteristics of concrete, aiming to enhance the performance of frost-resistant concrete
through the use of discrete CFs. The experimental results and analysis presented in this
chapter provide valuable insights into the mechanical and durability properties of CFRC
subjected to FT cycles. The preliminary mechanical tests revealed that the compressive
strength and flexural strength of the CFRC samples decreased with an increase in CF content.
However, the inclusion of CF improved the pre-crack and post-crack behavior of the samples,
as indicated by the increased energy absorption and toughness index (Is) values. The 1% CF
content was found to be the most favorable in terms of energy absorption and post-crack

behavior.

Based on the results and discussions presented, the following conclusions can be drawn from
this study:
The compressive strength of the samples decreased as the amount of CF increased. The
amount of CF to maintain the initial mechanical properties was around 0.5%. Samples with

3% CF exhibited extremely low strength and large voids.

Mass loss of the samples increased significantly with higher fiber volumes, particularly after
60 FT cycles. The mass loss measurements demonstrated that the CFRC samples

experienced accelerated deterioration during FT cycles, especially at higher CF volumes.
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The presence of CF led to increased porosity and water retention, resulting in the formation
and propagation of cracks, which facilitated the movement of water through the concrete.
The 3% CF sample exhibited visible surface deterioration and significant mass loss after
300 FT cycles, indicating its vulnerability to FT damage.

The DMOE analysis using UPV and RFT revealed that CF addition negatively affected the
DMOE of the CFRC samples. The DMOE decreased exponentially with increasing CF
content, and the samples with 1% to 3% CF failed before reaching 60 FT cycles. However,
the 0.5% CF sample demonstrated superior durability, enduring 300 FT cycles with minimal
decline in DMOE. Concrete, being inherently brittle, experiences microcrack development
under cyclic loading. However, the introduction of fibers to concrete introduces fiber/matrix
debonding, which occurs during repetitive expansion and contraction of water within
concrete pores. This phenomenon ultimately leads to energy loss and is one of the main
cause of the decrease in DMOE. Concrete samples with lower fiber volume fractions

exhibited a lesser reduction in DMOE.

Hammer percussion tests further confirmed the accepted resistance of the 0.5% CF
sample, showing the least reduction in DMOE after 300 FT cycles compared to other CFRC
samples. The relative dynamic elasticity modulus exhibited different patterns for different
samples, with linear decline for CO and 0.5% CF samples and polynomial decline for higher

CF contents.

Infrared imaging provided visual evidence of the porous nature of the CFRC samples, with
the 0.5% CF sample demonstrating superior resistance to FT damage compared to other

CFRC samples.

In summary, this chapter demonstrated that the addition of CF influenced the mechanical
properties of concrete, including compressive strength, flexural strength, post-crack behavior,
energy absorption, and dynamic modulus of elasticity. It emphasized the importance of
carefully selecting the CF content to maintain desired concrete performance and comply with
standards. The 0.5% CF content was found to be the most optimal in terms of balancing
mechanical performance and durability. These findings can guide the design and application
of CFRC in concrete structures exposed to FT cycles, providing valuable insights for ensuring

long-term performance and durability.

99



Chapter 7. Performance of carbon fiber-reinforced pavement with embedded sensors
using destructive and non-destructive testing

Paper Title: Evaluating performance of carbon fiber-reinforced pavement with
embedded sensors using destructive and non-destructive testing

Author(s): Maryam Monazami, Ashutosh Sharma, Rishi Gupta

This research paper which is published in a peer reviewed journal [218] evaluates the
performance of a CFRC bus pad compared to a normal concrete bus pad. The paper has
minor modification to ensure alignment with the dissertation's integrity and overall flow. Real-
time monitoring using embedded sensors such as temperature and humidity sensors,
thermocouples, strain gauges, and piezoelectric patches was conducted during the
construction of both pavements. These findings highlight the improved performance of CFRC
in terms of crack resistance and indicate the potential of embedded sensors for monitoring
and assessing the condition of concrete pavements.

7.1. Introduction

Infrastructure deterioration is an inevitable process, and aggressive environmental
conditions in the entire North American subcontinent proliferate the intensity of degradation.
In a 2019 Canadian Infrastructure Report Card developed by the Federal of Canadian
Municipalities (FCM), it has been established that long-term investments are urgently required
to address the critical infrastructure needs of Canada. Nearly 40% of roads and bridges are
rated as fair, poor, or very poor, and nearly 80% are over 20 years old [224].
More than 15 million Canadians use public transit such as buses to get to work [225] and an
estimate of 142.7 million passenger trips were recorded in November 2015. Public transit
roads are generally developed using asphalt, which is often the most suitable material. Bus
stops are subjected to sudden braking and acceleration of buses and asphalt pavement tends
to develop waves or ripples (distortion of asphalt) under the weight of the bus (axle loads). As
a result, cracks are formed in the asphalt that very often enlarge into potholes. This is usually
obviated by constructing bus pads made of concrete to safely accommodate the weight of
buses. Concrete Bus Pads (CBP), commonly found at bus stops are the most durable portion
of the road surface.

However, concrete’s vulnerability and constant exposure to aggressive environments in
Canada causes CBPs to deteriorate faster than stated, aggrandizing repair cost [226]. It has
been reported that crack width movements are generally larger at the top surface of concrete

pavement, and crack width movements vary across the depth due to varying temperatures.
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Further, it was also suggested that crack width movements increase with a decrease in
longitudinal steel ratio [227]. In another study [228], it was found that the geometry of the
concrete slab significantly influences the potential for longitudinal cracking, especially when
the traffic is composed of more tandem and tridem axles. It has been reported that temperature
during the construction and curing of concrete slabs greatly influences the cracking [229]. In
general, deterioration in CBPs is related to higher tensile stresses than its tensile strength and
is usually due to concrete shrinkage, temperature changes in concrete, traffic loads, low
humidity, wind, etc.

Figure 62 shows the deterioration of the pavement with time. Phase A corresponds to the
slow progression of deterioration of the concrete pavement, restricted to the top surface.
During this phase, deterioration remains a function of the quality of construction, materials
used, design mix, and the routine maintenance regime. This is followed by phase B, wherein
deterioration is accelerated and makes inroads across the depth of the concrete pavement. In
phase C, the surface of the pavement is completely cracked, and damage continues to
increase significantly. It should be noted that repair and rehabilitation can only be done until
phase C. In phase D, the pavement is significantly damaged. Although the pavement can still
last for some more years, it requires replacement for safe transit applications. With each
passing phase, the cost of repairs and maintenance also rises exponentially.
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Figure 62. Deterioration of pavement with time [230]

The increased service life of the pavement implies that the condition of the pavement
should remain in phase A for a longer duration. This can only be done by successfully

preventing the microcracks from developing in the concrete. The prime focus of this study is
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to increase the service life of the bus pad by limiting the cracking during the initial phase and
as a result, prolonging phase A of the deterioration curve.

By the principle of adhesion and interfacial bond, e.g., the anchor effect of interlocked
fibers, fibers can improve the mechanical strength characteristics and post-crack toughness
of the composite [138]. The randomly oriented fibers can effectively prevent the extension and
propagation of internal micro-cracks.

The primary study on CFRCC was conducted in 1973 [231], wherein superior mechanical
properties of PAN-based CFRCC were reported. Owing to their high modulus, it has been
proposed that CFs can significantly reduce plastic shrinkage cracking [38,232], improve
thermal resistance, weather ability, and chemical stability in aggressive environments [38].
Although various studies investigated the effect of CFs in concrete, most are limited to
laboratory tests, and, to the best knowledge of the authors, there are only few studies that
have reported the field applications of CFs especially in concrete bus pads. As a result, to gain
further insight into the development and field performance of CFRC pavements, a thorough
evaluation of the behaviour of pavement is required.

There are several NDT techniques that are currently being employed in the condition
assessment field. These techniques include surface hardness methods such as Schmidt
hammer [233], resonant frequency tests (by vibration or by impact) [234], maturity methods
[235], ultrasonic pulse velocity methods [236], impact echo methods [237] and many more
methods that are mainly employed to determine the quality and integrity of concrete without
affecting its functions [238]. A set of NDTs is usually operated on the whole pavement in the
first phase. After the data interpretation, locations with potential deficiencies will be identified
and such points receive a more in-depth study with potential material extraction. The approach
used in this chapter was created to fill a gap in the literature by conducting a number of non-
destructive field tests and subsequently analyzing the data to gain a thorough knowledge of
carbon-fiber-reinforced pavements with the aim of designing a crack-free concrete bus pad. A
set of sensors were used in both pavements to monitor the temperature, humidity, and strain
variations and a performance-based comparison between the CFRC bus pad and a normal
concrete bus pad have been investigated. When compared to normal concrete bus pads,
which have electrical resistivities of roughly 30 kQ-cm, CFRC bus pads showed extremely low
electrical resistivity. Schmidt hammer and UPV both revealed degradation in the normal
concrete bus pad in comparison to the CFRC bus pad. Several clusters of very low UPV values
were observed in the location of bus pad cracks. The lesser values in the CFRC bus pad are

indicative of the scatter in the wave energy due to the presence of CFs.
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7.2. Materials and methodology

7.2.1. Selection of carbon fibers

Three different fiber types with varying lengths, material characteristics, and sources were
obtained during the early phase of this investigation. Mitsubishi Chemicals supplied PAN-
based and pitch-based CFs, while Teijin Cooperation supplied another set of PAN-based CFs.
Initially, limited quantities of fibers were obtained for testing lab-based mortar and concrete

samples. Teijin fibers with longer lengths performed better during the early testing of carbon
fiber-based composites.

7.2.2. Selection of site

With the help of local authorities at Saanich municipality and BC Transit, a local survey of
bus pads in the Saanich municipality was done by the research team. Finally, a site at the
University of Victoria bus exchange was identified that included a series of four bus pads. Out
of the four bus pads, permission to replace three of them was sought. The plan of the slabs,
the construction details of the pavement, and the Google map of the bus pad’s location are
presented in Figure 63. Abbreviations were denoted in such a way that bus pad #1 is
abbreviated to Bn.1, bus pad #2 is abbreviated to Bn.2s, and bus pad #3 is abbreviated to Bcr.
s (letter N, S, CF applies to Normal concrete, Sensor, and CF). Figure 64 shows the
deteriorated bus pads selected for this study.
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() (b)
Figure 64. Pre-exising condition of bus pads (a) Bn-1 (b) Bn-2s (C) Bcr-s

7.2.2.1. Image analysis on pre-existing bus pads

Before replacing the bus pads, the condition assessment of existing bus pads was
conducted. Image analysis was performed using ImageJ software to quantify the antecedent
damage in the deteriorated bus pads. Figure 65 shows the different images of the bus pads
that were analyzed to evaluate the total crack area, crack area fraction, maximum crack width,
and average crack width for all bus pads were calculated. Table 17 shows detailed results of
image analysis of the pavements. Bus pad #2 had the worst condition regarding the highest
crack area and bus pad #1 was the worst pavement in regard to the highest average crack
width. Further, it should be noted that all the bus pads were in phase D of the ‘pavement
condition curve’.

Pavement Segmentation

Bus Pad #2 -

Figure 65. Image analysis of pre-existing bus pad
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Table 17. Crack analysis of existing bus pads

Code Crack Crack Maximum Crack Average Crack
Area Area/Pavement Width Width
Area
(mm?) (%) (mm) (mm)
Bn-1 150246 2.33 253 35.53
Bn-2s 301796 3.05 219 14.41
Bcrs 101203 1.12 65 17.70

7.2.3. Site development

7.2.3.1. Excavation of the existing bus pads

In order to implement real bus pad construction practices available in Victoria, a local
contractor was hired for undertaking all stages of the project including excavation, sub-base
compaction, reinforcement installation, concrete mixing, and pouring. Excavation of
deteriorated bus pads was done two days before the concrete pouring. According to BC
Transit Infrastructure Design Guidelines [239], the concrete bus pad thickness should be
designed as follows: 225 mm for Portland cement concrete, 150 mm for base coarse, and 300
mm for sub-base coarse. However, the constructed bus pad consisted of a 125-mm thick
layer of concrete. Upon excavation, a thin wire mesh was laid on the bed of the pad. Figure
66 shows the excavated bus pad site.

<y

& Y V3 i
BB il v i

Figure 66. Excavated bus pad site

105



7.2.3.2. Installation of sensors

The construction of the bus pads was scheduled two days after the excavation work was
completed. This was done primarily for of the installation of different types of sensors. After
the excavation was complete, a complete survey of the excavated bus pad was conducted
and the actual depth at multiple points was noted (as shown in Figure 67). Out of the three
excavated bus pads, two of them (BN2 and BCF) were selected for the embedment of sensors.
The sensors were installed inside the bus pads with a dual objective: 1) to monitor the
deterioration of BN2 and BCF, with time; 2) to monitor the behavior of the bus pads under
different volumes of traffic. To achieve the objectives, a series of wireless temperature and
humidity sensors, thermocouples, strain gauges, and piezo patches were installed in the bus
pad. Furthermore, an on-site workstation was also developed on the curb wherein all the wires
coming from both the bus pads were laid. This was developed to be able to access data at
the site while the bus pad was open to traffic. Figure 67 shows the location of different sensors
inside the bus pad. The sensors used are given in the figure and described in the following

sub-sections.
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Figure 67. The layout of bus pads and sensor location

7.2.3.2.1. Temperature and relative humidity sensors

A series of BlueRockTM sensors for measuring temperature and relative humidity were

procured from Giatec Scientific. These sensors can map the temperature and humidity of in-
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place concrete from fresh to hardened stages. Using the BlueRockTM mobile app, real-time
variations in the concrete’s internal humidity can be studied. A total of 5 BlueRockTM sensors
were tied to the wire mesh at different locations (as shown in Figure 68), inside Bn.2s and Bcr-
s as well. In addition to BlueRockTM sensors, two thermocouples (Type WENK-01), with a
diameter of 0.3 mm were also embedded inside each bus pad for continuous monitoring. A
NI-data logger was employed to acquire data from the thermocouples. Figure 68 shows the

details of the location of the sensors.

Installed integrated
humidity and
temperature sensor

Figure 68. Installed sensors and strain gauges

7.2.3.2.2. Strain gauges

The bus pads were also instrumented with strain gages, deployed in rosettes at different
locations. A set of concrete materials using pre-wired strain gauges from Tokyo Sokki
Kenkyujo Co. were acquired to monitor the displacement of the slabs. The strain gauges had
thin stainless-steel backings to avoid the penetration of moisture from the reverse sides. The
strain gauges had moisture proofing over-coating and integral lead wire in addition to the
stainless-steel backing. These strain gauges are intended for long-term measurement of
concrete structures, consisting of a 10-mm-long gauge with 118 + 0.5 Q gauge resistance.
Each strain gauge was wired with a 3-m-long lead wire with a resistance of 0.32 Q/m. Each
strain gauge was mounted on a #3 rebar with a length of 100 mm, and the rebar was loosely
tied to the embedded wire mesh. The strain gauge had an error in recording thermal strains
to the order of 11x10-6/C. Preliminary frequent visits to the bus pad enabled researchers to
find the expected locations of the wheel loads and hence, three strain gauges were installed
orthogonally (forming a rosette) at each designated location. This was done to obtain the
strains in all directions The detailed location of strain gauges is shown in Figure 67. It should
be noted that each thermocouple was deployed close to the strain rosette to enable any
required temperature correction. A National Instruments Data Acquisition system (DAQ) was
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used to read the values of strain gauges. Figure 68 shows the details regarding the installation
of strain gauges and BlueRockTM sensor.

7.2.3.2.3. Piezoelectric patches

A piezoelectric patch is a thin flexible commercially manufactured piezo ceramic transducer
that works on the principle of converting electrical signals to stress waves and vice-versa.
When a high input voltage is applied to a piezoelectric patch, it creates a mechanical strain
that excites the host structure. A piezoelectric patch that generates stress waves within a host
structure is called an ‘actuator’, and the patch that receives these stress waves is called a
‘sensor’. Piezoelectric patches can be embedded in a concrete structure for early detection of
damage by evaluating various phenomena occurring within the concrete.

To further quantify the behavior of bus pads subjected to aggressive environmental
conditions in addition to the busloads, monitoring of bus pads using piezoelectric patches was
also implemented. Two sets of piezoelectric patches were embedded in an array form in Bn-
2s and Bces, as shown in Figure 69. An array of 6 piezoelectric patches were embedded in By.
2s With a spacing of 150 mm between consecutive patches. At a gap of 300 mm from the last
piezoelectric patch in Bn.2s, another array of 6 piezoelectric patches with the same spacing
were embedded in Bcrs. The piezoelectric patches were secured with tape to the grid to hold
them in the correct location when the concrete was poured. The wires from the electrical
contacts of piezoelectric patches were secured to the grid, protected by transparent ducts,
and guided through the curb to the separate compartments. These compartments, as shown
in Figure 69, installed within the sidewalk allowed the monitoring of Bn.2s and Bcr.s over time.
The concrete signatures recorded by piezoelectric sensors at different time intervals can be
linked with induced damage such as progressive cracking. It should be noted that the study

using Piezo patches is still ongoing and will be reported in the subsequent papers.

—

Figure 69. Installed piezoelectric patches
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7.2.4. Design mix and placing of concrete.

The estimated amount of concrete required for three bus pads and several molds for lab
testing of concrete was more than 6 cubic meters and therefore, the concrete was supplied
by a local ready-mix concrete producer. A local contractor was hired to bring a truck of dry
concrete to the site. The concrete ordered had a target strength of 30 MPa and an air content
of 5-8%. The maximum size of aggregates used was 12 mm and a slump of 80 mm was
desired. It should be noted that properties of fresh concrete such as slump value, air content,
bulk density, etc. were evaluated on-site as per ASTM C143 [221] and ASTM C231 [240] at
the time of construction of bus pads.

In a truck mixer with a capacity of 10 m?, dry concrete was mixed with water at a w/c ratio
of 0.5. The appropriate amount of CF was packaged in 5 kilogram water-soluble bags. The
concrete mixing and placing procedure followed in the concrete plant and at the job site was
as follows:

1- A few hours before concrete pouring, the sensors were cleaned, and their connectivity to
the workstation was checked.

2- With the arrival of the drum mixer, quality control on concrete including two sets of slump
test and air meter test was operated. The weather temperature was reported to be 10°C.

3- The normal concrete was poured in the first 2 slabs, spread manually, consolidated by a
vibrating screed, and finished. Six 100 x 100 x 200 mm cylinders, six 100 x 100 x 400 mm
beams, two 75x75x800 mm panels were taken from the plain concrete in the field. Then the
mixer was stopped.

4- The fibers were incrementally added to the concrete truck. Considering the optimum
amount of 0.5%-1% from the experimental results, and by calculation of the amount of poured
concrete, a sufficient amount of CF was added to the mixer in order to meet the targeted fiber
dosage. The volume of fiber added into the concrete turned out to be 0.55% which is in
accordance with the optimum experimentally obtained dosage. To assess the uniform
dispersion of fibers in concrete, three cylinders were filled with fresh CFRC and were taken to
the laboratory for further investigation. The concrete was washed away, and fibers were
sieved from cement paste. The fibers were then oven-dried and weighed. A fiber volume
fraction of Vi= 0.58%, 0.54% and 0.59% was calculated from each cylinder. This confirmed
the approximate uniform distribution of CFs over the entire bus pad.

5- A carbon-fiber-reinforced bus pad was then screeded and finished. It should be noted that
during the screeding of BCF-S, agglomerated fibers were found on the surface of the slab.

Figure 70 shows the finished bus pads constructed with normal concrete and CFRC.
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Figure 70. Finished bus pads
7.3. Results and discussions

7.3.1. Laboratory-based tests on concrete

7.3.1.1. Destructive tests

In order to evaluate the quality of concrete placed at the site for the construction of bus
pads, 6 beams, 6 cubes, 6 cylinders, and 2 round panels for each mix were cast and cured
for 28 days. Table 18 gives the details of the samples. It should be noted that samples were
subjected to dry curing at ambient temperature to simulate the real conditions experienced at
the bus pad site in the laboratory. Later, the samples were tested under compression using a
compressive testing machine. The average 28-day compressive strength obtained for
cylinders made with normal concrete was 20 MPa and for those of CFRC cylinders was 18
MPa (loss of 15%). The results indicate that the addition of fibers slightly decreased the
compressive strength of concrete mainly due to the workability reduction. Considering the
preliminary tests, the reduction rate in bus pad samples is in good correlation from those
obtained in the lab, wherein a decrease up to 16 % in compressive strength was seen at 0.5
% fiber volume.

The peak load, its corresponding displacement, the Modulus of Rupture (MOR), pre-
crack/post-crack flexural toughness, and the absorbed energy at certain deflection (2.5 mm
and 5 mm) of beams and round panels were obtained through the load-displacement curve.
The detailed results are presented in Table 18. According to the results, the influence of the
incorporation of CFs on the flexural behavior of concrete is more distinct than on compressive

strength. A 26% increase in flexural strength of CFRC beams was observed during flexural
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testing, while the improvement in the round panel was negligible. The strength improvement
in beams is mainly due to the confinement ability of CFs in flexure, holding, and bridging
microcracks and as a result, retarding the initiation and growth of cracks and compensating
the strength reduction caused by low workability. However, the difference between the results
of beams and round panels is mainly due to the different methodology used in the two tests.
In the center-point bending test, the specimens are forced to crack at a given location, hence
the crack does not necessarily open at the section with low strength material. However, when
round panels are subjected to bending, yield lines follow the weakest sections. In concrete
panels reinforced with 18 mm fibers, it is hard to avoid fiber balling and get uniform distribution
throughout the concrete mix and as a result, the weak section cab is either at the location of
fiber balling or at the location where the fiber reinforcement is not sufficient, hence showing a
similar MOR compared to CO.
Table 18. Summary of flexural behavior of beams and round panels

Sample Label  Peak load 6peak 6max MOR Energy (J)
geometry (N) (mm) (mm) (N.mm) 0=25mm 0=5 mm  Pre-crack Post-crack
Beam CcO 6938 1.27 1.65 3.64 2.8 2.8 2.65 0.14
CFRC 8750 2.13 55 4.59 5.61 6.07 4.97 111
Round CcO 20774 2.14 2.4 4.00 24.61 24.61 23.23 1.38
panel CFRC 21000 2.7 5.1 4.04 22.85 40.04 26.53 1351

Figure 71 compares the post-crack energy absorption of samples. It should be noted that
although the peak load for CFRC beam samples is reported to be greater than that of the CO
beams, there is minimal improvement in the post-crack behavior of the beams while the red
area (post-crack absorbed energy) is quite large in round panels. The obtained results are
mainly owed to the fact that larger fracture areas, with a much higher number of fibers, are
involved in round panel testing, and therefore, the behavior of the structure is highly dependent

on the material properties including the crack bridging effect of CF.
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Figure 71. Load-displacement behavior of CO and CFRC under flexure a) beams b) round
panel

7.3.2. Structural health monitoring of bus pads

Using several NDT techniques, the performance of the pavements was monitored from the

first hours to 28 days after concrete placement. Figure 72 shows the non-destructive
techniques applied in this study.
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Figure 72. NDTs used to assess pavement condition.

7.3.2.1. Visual monitoring of bus pads

After construction, the bus pads were closed to traffic for 7 days to allow the concrete to
gain strength. The research team regularly monitored the constructed bus pads for any sign
of cracking. After the bus pad was opened to traffic, the research team conducted visual
monitoring twice a day and a FLIR camera was used to monitor the temperature variation at
different locations. This was done to find the potential locations of crack initiation and to track
the development of cracks or any other signs of deterioration in the bus pads. Initially, in BCF-
S bus pad, small chunks of agglomerated CFs beneath the top layer of concrete were visible
at some. Once the bus pad was opened, it was found that fibers from these areas started
coming out due to the abrasion of the surface. However, no cracks were observed in the Bcr-
s bus pad. On the contrary, both Bn.1 and Bn.zs Started developing very thin hairline cracks
immediately 7 days after casting. The first cracks which initiated in the middle of the slab is
mainly attributed to the combined loading and curling effects and therefore the midspan
experienced the maximum deflection [241]. Figure 73 shows the condition of three bus pads
after 28 days of construction. It can be observed that cracks have only slightly widened after
28 days of casting. Thermal imaging photos (using FLIR camera) of Bc.1, sc-2s, and Bers are
presented in Figure 74. In the figure, it is easy to see the delaminated areas (lower
temperature on the cracks) and the temperature gradient on the pavement which make it
possible to determine the direction of an expanding delaminated region [242]. It was also

observed that the CFRC bus pad had a uniform temperature variation with a slightly lower
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internal temperature compared to the other bus pads which is mainly due to the high electrical
conductivity of the fibers.

Figure 74. Thermal photos of bus pads
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7.3.2.2. Temperature and humidity monitoring of bus pads

Monitoring the temperature and humidity of concrete provides useful information about the
strength gain and maturity of concrete as well as the progress of deterioration mechanisms in
the structure. Temperature and humidity data were logged from wireless sensors every eight
hours. The logged data was stored on the sensors automatically which was downloaded every
day via Bluetooth through the BlueRock™ app. After the construction was completed, the data
was logged immediately, and it was found that the wireless sensors embedded in the BCF-S
were not able to transmit the data via Bluetooth. This can most probably be attributed to the
interference in the Bluetooth signal by the presence of CFs in the matrix. Fortunately, the
thermocouples that were installed for providing temperature corrections to the strain gauge
readings were able to record any temperature changes inside the concrete. Figure 75 shows
the variation of data obtained from temperature sensors that were embedded in Bn.2s. From
the graphs, it can be seen that the temperature variation (based on data from sensors and
thermocouples) for the first 30 days in Bn.2s is similar to Bcrs. Temperature variation is
primarily a function of the process of hydration, inside the concrete. Additionally, the rate of
moisture evaporation which leads to shrinkage and therefore shrinkage strains, inducing
cracking in concrete, is a function of air temperature, relative humidity, concrete temperature,
and wind velocity [243]. Figure 75 also represents the variation of temperature based on the
data obtained from thermocouples embedded in Bcrs. From the graphs, the trends of
temperature change with time are identical for both the normal concrete bus pad (Bn-2s) and
carbon-fiber-reinforced concrete bus pad (Bcr-s). It should be noted that the temperature
variation exhibited in both the bus pads is in coherence with the standard temperature variation
for concrete. Since embedded BlueRock™ sensors in the Bcrs bus pad did not work, the

humidity-based data is not discussed in this chapter.
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Figure 75. Temperature variation from a) wireless sensors b) thermocouples

7.3.2.3. Strain gauge measurements of bus pads

Initial strain results can be viewed in Figure 76. It can be observed that the graphs do not
conform to a distinct trend. Rather than fluctuating within a limited range, the values appear
to primarily consist of what would be considered outliers, readings exceeding the expected
limits for strain measured in experimental work, typically -0.005 to +0.005 [244]. The strain
readings additionally do not conform to either compressive or tensile values, but rather
fluctuate between the two strain types. This pattern is observed in gauges 1, 5, 6, 9, 10, 11,
and 12, and is therefore not specific to one concrete type. Further investigation will be
conducted to determine the cause of inconsistent compression and tension values, as the

gauges would be expected to record either only tension or compression only based on their

positions in the slab.
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Figure 76. Strain gauge data after temperature corrections a) Bn-zs b) Bcr-s

7.3.2.4. Health monitoring of bus pads at 28 days of casting

After 28 days of construction, permission was granted from BC Transit to close the bus pad
to traffic for 5 days, to conduct testing. In addition to regular temperature, humidity, strain
gauge, and piezo measurements, three more tests were conducted including Schmidt
hammer, Electrical Resistivity (ER), and Ultrasonic Pulse Velocity (UPV) tests. Figure 77

shows how the gridlines were drawn on concrete bus pads for NDTs.
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Figure 77. NDT at 25 cm x 25 cm grids on bus pad

7.3.2.4.1. Schmidt hammer testing

A rebound hammer is a low-cost method employed to assess the quality of concrete near
the surface and to estimate the strength of concrete based on the rebound number. As the
rebound hammer test can evaluate the condition of concrete up to a depth of 3 cm effectively
[245], it was expected that the rebound hammer test would be able to provide valuable
insights.

To evaluate the condition of the bus pad subjected to traffic load, an N-type Schmidt
hammer test was conducted as per ASTM C805 [246] for all the bus pads. The three bus pads
were divided into grids of 50 cm x 50 cm for the rebound number test and 25 cm x 25 cm for
UPV and electrical resistivity tests. The calibration of the rebound hammer was done on an
anvil before and after testing. The rebound hammer values were then converted into the
corresponding compressive strength values using the chart provided by the manufacturer. The
values of compressive strength at different impact points taken by rebound hammer are
plotted in Figure 78. It can be observed that in Bn.a and Bn.zs, the average compressive
strength is 24 MPa, and for the CFRC bus pad, the average compressive strength is equal to
21 MPa. It should be noted that the rebound hammer predicted compressive strength is in
good correlation with those of the samples tested in the lab. It was also observed that the
strength values in the center of each slab are higher compared to the concrete placed at the
corners. The rebound hammer values were successfully able to differentiate between the
material characteristic of plain concrete and fiber-reinforced concrete. The addition of the
fibers to the concrete does increase its porosity at this largely affects its surface hardness and
hence, impacts the rebound hammer values.
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7.3.2.4.2. Electrical resistivity

In general, there are three phases of plain concrete at 28 days [39]: 1) liquid phase with
pores containing solutions of water; 2) solid phase including cementitious products of
hydration and aggregates; 3) vapor phase with pores filled with air. Both the solid phase and
vapor phase have high values of electrical resistivity ranging from 1011 Q-cm to 1019 Q-cm
and hence they act as insulators. The liquid phase has considerably lower values of resistivity
of the order of 5 to 100 Q-cm and therefore acts as the conductors. Overall, the plain concrete
is not electrically conductive with the electrical resistivity of oven-dried concrete at around 105
Q-cm [247]. Several correlations have been reported that confirm the relationship between the
transport parameters of concrete and the durability of concrete. lon transport through the
concrete microstructure controls the durability of concrete. This highlights the importance of
electrical resistivity as it defines the ability of concrete to withstand the transport of charged
ions in its microstructure. Therefore, the electrical resistivity data can signify the vulnerability
of concrete to deterioration as lower values will indicate the easy transfer of ions, which in turn
increases the risk of corrosion of the embedded rebar.

The electrical resistivity evaluation of the bus pad utilized the Wenner probe technique, with
four equally spaced linear electrodes. All the bus pads were divided into grids of size 25 cm x
25 cm. Readings were taken on the same day (within one hour) to ensure the moisture
condition of all slabs was consistent. The electrical resistivity was measured and plotted as a
map presented in Figure 79 . From the figure, in the Bn.1 and Bn-2s bus pads, electrical
resistivity ranges up to 30 kQ-cm. This confirms the existence of the liquid phase inside the
concrete as the testing was conducted only 28 days after construction. The electrical resistivity
map also confirms the effect of cracks (presented as zone 1, 2, 3, 4, 5, and 6 on the map) on
the resistivity of concrete as the resistivity value is much lower in these areas compared to
areas with no cracks.

On the other hand, the electrical resistivity values for the CFRC were negligible. As CFs
are electrically conductive, the electrical resistivity of the overall composite was significantly
decreased [27,248]. The uniform low value of electrical resistivity is attributable to the
acceptable fiber network formation in the pavement. This further suggests that the
measurement of electrical resistivity is not a suitable measure of durability for CFRC. Figure
79 also confirms the uniform distribution of CFs in the bus pad as the recorded values of
electrical resistivity at all points were nearly negligible. However, this also indicates the
effectiveness of a small Vs in reducing the resistivity of a CFRC slab, which could be useful in

the future in designing self-sensing properties of CFRC.
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(a) (b) (c)
Figure 79. Variation of the Electrical resistivity of concrete across the bus pad a) Bn-1b) Bn-zs
C) Bers

7.3.2.4.3. Ultrasonic pulse velocity testing

Elastic waves in concrete are generally influenced by their mechanical characteristics, and
ultrasonic pulse velocity utilizes this principle to estimate elastic stiffness and other strength-
related properties. In any material, ultrasonic waves depend on the density of the material and
other elastic properties. Hence, for a material such as concrete with a known density, well-
defined ultrasonic signals can be used to estimate the modulus of the concrete and estimate
the strength of the concrete.

For testing the concrete bus pads, the Proceq Pundit Lab UPV test instrument was used,
with transducers of diameter 50 mm with a maximum frequency of 54 kHz. The UPV testing
was conducted as per ASTM C597 [207]. All bus pads were divided into grids of size 25 cm x
25 cm. This implies that the maximum distance between each transducer was 25 cm. All the
acquired data was plotted as shown in Figure 80. Several clusters of very low wave velocities
can be seen in both Bn.1 and Bn.2s, marked as zone 1, 2, 3, 4, 5, and 6 in Figure 80. It should
be noted that the marked zones represent cracked areas in the bus pad as observed during
the visual inspection of the pads (Figure 73). For both the Bn.os and Ber.s bus pads, the UPV
values vary from 3 to 4.5 km/sec which indicates a good quality of concrete. The inclusion of
fibers reduced the rate of UPV penetration into the mixtures, which is consistent with literatures
[249,250]. The lesser values in BCF-S also indicate the scatter in the wave energy due to the
presence of CFs. Further, the wave velocity is somewhat constant for the entire bus pad,
which also indicates good fiber dispersion in the Bcr.s bus pad.
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7.4. Conclusions

This chapter employs the real-time evaluation of CFRC for the purpose of its usage in the
construction of a bus pad. Further, the bus pads were equipped with several sensing modules
such as temperature sensors, thermocouples, strain gauges, and piezo patches. The data
from these embedded sensors were regularly acquired and monitored. In addition to that,
several other NDT techniques were employed at 28 days after construction of the bus pad
such as Schmidt hammer, electrical resistivity, and ultrasonic pulse velocity. The following
conclusions are drawn from the entire study:

e According to the DT performed on concrete beams and round panels, the influence of
the incorporation of CF on the flexural behavior of concrete is reported to be more
distinct when compared to the compressive strength. Samples with 0.5% and 1% fiber
content among the examined CFRMs and CFRCs are more efficient since they exhibit
the greatest improvements in most of the mechanical parameters compared to
conventional concrete. According to the quadric polynomial fitted surface models, it
has been demonstrated that the best fiber dosage for absorbing energy is between 2%
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and 3% of the total fiber content.

Flexural testing on sample taken from the site revealed a 26% increase in the flexural
strength of CFRC beams, compared to a negligible improvement in the round panel.
CFs' capacity to retain and bridge microcracks in flexure, which delays the initiation
and propagation of cracks is primarily responsible for the strength improvement in
beams.

During visual observation, in the Bcrs bus pad, small chunks of exposed CF were
visible, and it was found that fibers from these areas started coming out due to the
abrasion of the surface of the bus pad. However, no cracks were observed in the Ber
s bus pad, while both Bn.1 and Bn-2s developed very thin hairline cracks in the middle of
the slab mainly due to the combined stress and curling effects.

From the graphs derived from the thermocouples, the trends of temperature change
with time were the same for Bn.2s and Bcrs, and the temperature variation exhibited in
both the bus pads is identical and in coherence with the standard temperature variation
for concrete.

According to the Schmidt hammer test results, the average values for compressive
strength were reported to be 24 MPa for Bn.1 and Bn.2s and 21 MPa for Ber.s. It was
also found that the strength values in the middle were higher than those in the corners.
It should be noted that the rebound hammer predicted compressive strength is in a
good correlation with those of the samples tested in the lab.

The value of electrical resistivity in Bn.x and Bn-s ranges up to 30 kQ-cm, which
confirms the existence of the liquid phase inside the concrete as the testing was
conducted only 28 days after construction. The electrical resistivity values for the Bee-
s were negligible. CF is electrically conductive and the addition of CF in concrete
significantly reduces the electrical resistivity of the overall composite. According to the
results, the electrical resistivity of Bcr.s has a uniformly low value, which can be
attributed to the pavement's acceptable formation of a fiber network and an acceptable
fiber distribution.

Several clusters of very low UPV values were observed in the location of bus pad
cracks. For both the Bn.2s and Bees bus pads, the UPV values varied from 3 to 4.5
km/sec which indicates good quality of concrete. The lesser values in BCF-S are
indicative of the scatter in the wave energy due to the presence of CFs.

Based on the DT and NDT results, the CFRC bus pad is a conductive pavement likely
to be effective in controlling the rate of crack initiation in the pavement. CFRC with a
very low electrical resistivity can be used as a self-sensing construction material, able

to sense and record internal deficiencies in the bus pad.
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Chapter 8. Concluding remarks and key findings

This dissertation has investigated the application of CFs in CFRCC, yielding valuable
knowledge about their microstructural properties, mechanical and durability behaviour, and
performance characteristics. While each chapter concludes with a thorough conclusion, the
following provides the dissertation's findings along with supplementary explanations and

information.

1. Microstructural properties: The comprehensive microstructural analysis of different CF
types along with introducing a new type of BBCF offers a valuable resource for researchers
and engineers and provides clear understanding of the characteristics of the CFs and potential
applications of different CFs. The following research outcomes were resulted from
microstructural analysis:

o EDX analysis indicated the presence of approximately 6% sulfur content in BBCF.
Such high sulfur content renders the BBCF unsuitable for utilization in concrete
applications.

e The surface of the BBCF displays numerous small pores. These impact cement
matrix characteristics like porosity, absorption capability, and interactions at ITZ.

e The geometry of the BBCF differ from those of conventional fibers. BBCF possess a
hollow cylindrical structure, while others have solid cylinder shape. This structural
variation significantly influences the fiber's performance, this can be seen by the
presence of fractures at points where the transition from solid to hollow cylinder is

seen.

2. Bonding Properties: The research findings shed light on the bonding properties between
CFs and the cement matrix. The study identifies the influence of various factors on fiber-matrix
interaction, such as fiber type, surface morphology and curing age. Following research
remarks were derived form the research results:

e The improvement in bond behavior is related to the microstructure of ITZ. The rapid
hydration at the initial stages speeds up microstructure enhancement, causing a
denser ITZ and ultimately fastening the improvement of the bond between the
fiber and matrix.

o Different fibers showed different bonding properties. The highest average pull-out
force, reaching 358 N, was recorded for SF. The pull-out forces for SI, PAN-based CF,
and pitch-based CF were measured at 122 N, 155 N, and 156 N respectively.

e The anchorage at the hook end SF is one of the main reasons for higher energy

absorption, while in straight fibers such as CF, the frictional shear stress at the interface
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determines the energy absorption capacity of fibers.

3. Coating Methods: The use of supplementary cementitious materials as coating

material for CFs highlights their potential to enhance the microstructure and durability of the

cement matrix. The research demonstrates the effectiveness of these coating methods in

improving the bond strength and overall performance of CFRC. Below are the summarized

research outcomes:

The utilization of the proposed NaOH treatment method exhibited adverse effects on
the bonding properties of CFs and fibers subjected to NaOH treatment showed
reduced bond strength and diminished fiber pull-out toughness.

Combining the NaOH treatment with fly ash coating led to increased bond strength
(10825 Pa), decreased contact angle (~ 110), and a rougher surface texture, which
was confirmed through SEM images.

NaOH-treated CFs demonstrated lower electrical resistivity (2.5 pohm.m compared
to 5.3 pohm.m) in comparison to untreated CFs. Conversely, the electrical resistivity
values of fly ash-treated CFs were comparable to those of untreated fibers (6.9
pohm.m).

4. Optimal Fiber Dosage: Based on the experimental and predicted results and considering

the mathematical model, CFRCs are likely to be effective in controlling the rate of crack

initiation and propagation in concrete. The following items summarizes the results obtained

in each mechanical testing:

CFRMs demonstrated higher ultimate load compared to both NC and PPRM
samples. This can be primarily attributed to the micro CFs' capacity to confine and
bridge microcracks within the cement matrix.

Among the investigated CFRCs, 0.5% and 1% CFRC is likely to be more effective
because of the highest improvement in most of the investigated mechanical
properties compared to PFRCs and non-fibrous concrete.

Using composite theory, the range of experimental to predicted flexural strength
was between 1.11 and 1.34 for CFRC. This range indicates a favorable agreement
between the experimental and predicted outcomes.

Taking factors such as cost and workability into account, it is recommended that an

optimal percentage of 0.5% CF be utilized for slab and pavement applications.
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5. Yield Line Theory: Fracture pattern of round panels under flexure showed that non-fibrous
panels failed in a symmetrical yield line pattern, while FRC panels experienced a non-
symmetrical pattern. In flexural testing, it was observed that the ultimate deflection was 20.6
mm, 114.7 mm, and 158 mm in CO, 0.5PAT18 and 1PAT18 respectively. Samples with 0.5%
CF showed a comparable flexural strength value compared to non-fibrous panel, while the
strength of 1PAT18 was reduced by more than 20%. 1% CF in panels result in better

performance in post-crack stage compared to 0.5PAT18 and CO respectively.

6. Freeze-thaw Resistance: The research comprehensively assessed the FT resistance of
CFRC under rigorous FT cycles. The findings unequivocally demonstrated the exceptional
durability of CFRC specimens containing 0.5% CFs. The following points were derived from
analyzing the FT results:

e The trend of mass loss indicates an accelerated deterioration in CFRC samples
exposed to FT cycles, especially in those with higher CF volume. This can be attributed
primarily to the inclusion of additional CFs, along with an increased appearance and
width of cracks, leading to high porosity and easier water retention within the
specimens. Noticeable mass loss becomes more significant when pores and newly
formed microcracks connect, creating pathways that enhance the water movement
through the concrete sample. The derived equation from the mass loss data enables
accurate estimation of mass loss percentages with a noteworthy level of accuracy.

e the CFRC samples with 0.5% CF exhibited minimal signs of deterioration, including
negligible cracking, surface degradation, or loss of mechanical properties.

¢ The DMOE showed a notable exponential decrease as the CF content was raised.
Following 60 FT cycles, specimens containing 1% and 2% CF encountered a
significant drop in the relative DMOE, exceeding a 60% loss. This significant reduction
points towards extensive damage of the specimens, undermining both their dynamic
characteristics and structural integrity.

e Infrared imaging provided visual confirmation of the porous characteristics within CO
and CFRC samples. The CO sample showed the most even temperature distribution
among all samples, implying a relatively uniform structure and homogeneity. The 0.5%
CF sample initially displays void areas before FT testing. However, after 120 FT cycles,
the 0.5CFT18 sample's infrared images remain intact, suggesting maintained
structural integrity despite voids.

The aforementioned results validate the suitability of CFRC with 0.5% CF content for

applications in cold regions, where FT cycles pose significant challenges to the durability

of concrete structures.
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7. Real-Time Evaluation and Infrastructure health Monitoring: The implementation of
embedded sensors and real-time evaluation techniques in the research study facilitated
the continuous monitoring and assessment of the constructed pavement over time. The CF-
reinforced pavement exhibited no visible cracks indicating the effectiveness of CF in
preventing crack formation. In contrast, the pavement sample without fiber reinforcement
developed hairline cracks in less than a month after construction. These results underscore
the significant role of CF in enhancing the crack resistance and long-term performance of
concrete pavements. The utilization of CF in pavement construction can effectively mitigate
crack initiation and propagation, ensuring a more durable and resilient pavement structure.

e The strain values in pavements appear to primarily consist of what would be
considered outliers, readings exceeding the expected limits for strain measured in
experimental work, typically -0.005 to +0.005.

e Using thermal camera, it is easy to see the delaminated areas (lower temperature on
the cracks) and the temperature gradient on the pavement which make it possible to
determine the direction of an expanding delaminated region. It was also observed
that the CFRC bus pad had a uniform temperature variation with a slightly lower
internal temperature (~14 °C) compared to the other bus pads (~18 °C) which is mainly
due to the high electrical conductivity of the fibers.

8. Non-Destructive Evaluation Techniques: The use of non-destructive assessment
techniques, such as Schmidt hammer tests and electrical resistivity measurements, in the
research study offers valuable insights into the condition and performance of carbon fiber-
reinforced pavement when compared to traditional concrete pavement. The research findings
address a gap in understanding the mechanical behavior of pavement reinforced with CF.
The following summary outlines the key observations:

e The Bcrs bus pad didn't show any cracks on the surface. On the other hand, non-
reinforced concrete bus pad started getting hairline cracks just 7 days after being
made. These first cracks, which appeared in the middle of the pavement are mainly
due to combined thermal and traffic loading effects.

e The Schmidt hammer test results indicate that the average compressive strength is
24 MPa for both non-reinforced bus pads. On the other hand, the CFRC bus pad
demonstrates an average compressive strength of 21 MPa. This reduction in
compressive strength primarily stems from the formation of an ITZ following the
introduction of fibers and thus, an associated rise in porosity.

¢ In the By and Bnos bus pads, the electrical resistivity reaches up to 30 kQ-cm,
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confirming the presence of a liquid phase within the concrete. The electrical resistivity
map of pavement also demonstrates that cracks significantly lower the resistivity in
these areas compared to crack-free regions. Conversely, CFRC exhibits very low
electrical resistivity (non-detectable by the electrical resistivity probe) due to the
conductive nature of CFs. These fibers effectively decrease the composite's overall
electrical resistivity. The consistent low electrical resistivity is attributed to the well-
distributed fiber network in the pavement.

¢ Non-reinforced pavements show clusters of very low ultrasound wave velocities,
corresponding to the cracked areas observed visually in the bus pad. For both Bn.s
and Bcr.s bus pads, the UPV values range from 3 to 4.5 km/sec, indicating high-quality
concrete. However, the addition of fibers reduces the rate of UPV penetration. The
slightly lower values in Bcr.s reflect wave energy scattering due to CF presence.
Additionally, the consistent wave velocity across the bus pad suggests well-dispersed
fibers in Bers.

Overall, NDE techniques highlight the excellent performance of CFRC pavement,

indicating its potential for long-lasting durability.
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Chapter 9. Recommendation for future work

The research conducted in this dissertation has covered various microstructural and

mechanical aspects of CFRC and its potential applications. However, the following areas

present opportunities for further exploration and advancement in the field:

1.

Enhanced BBCF Development: To improve the mechanical properties and
application versatility of BBCF, future research could focus on refining the
manufacturing process. Investigating methods to reduce fragility, hollowness, and
achieving a more consistent diameter could lead to more effective and reliable CFRC

components for construction and other industries.

Innovative Coating Materials and Techniques: Exploring alternative coating
materials that enhance the bond strength between CFs and the concrete matrix is
essential. Special attention could be directed towards conductive coatings, which not
only enhance bonding but also introduce electrical conductivity to the composite.
Researching various coating techniques could lead to optimized application methods

for improved performance.

Synergistic Effects of Conductive Materials: Investigating the synergistic effects of
combining different conductive materials in concrete offers potential advancements in
both electrical conductivity and overall performance. This area requires a systematic
study of compatibility and interactions between various conductive materials, with the
goal of finding optimal combinations that maximize conductivity without compromising

the concrete's structural integrity.

Corrosion Resistance of CFRC Structures: Further research is needed to
comprehensively understand the impact of CFs on the corrosion resistance of
reinforced concrete structures. This involves evaluating how CFs influence corrosion
initiation and propagation. A detailed exploration of the durability of CFRC in corrosive

environments will contribute to its effective application in such settings.

Fatigue Life Assessment: Analyze the fatigue life of CFRC specimens under different
loading conditions. Determine the number of loading cycles required for failure or the
development of critical damage. Compare these results with fatigue data from
traditional concrete materials to assess the potential benefits of CFRC in terms of
extended service life. During fatigue testing, the changes in mechanical properties of

CFRC, such as toughness, strength, and crack propagation can be analyzed.
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10.

Validation between the findings from laboratory fatigue testing and real-world case
studies or field data can be done to assess the consistency of laboratory results with
practical performance.

Seismic Performance: Research is needed to investigate CFRC's performance in
seismic-resistant designs. Compaosite response to lateral forces, its energy dissipation
capacity, and its ability to prevent brittle failure modes during earthquakes can be

investigated and the results be compared with traditional concrete.

Repair and Strengthening: CFRC's potential for repairing and strengthening existing
structures needs to be explored. Its effectiveness in enhancing the load-carrying
capacity and extending the service life of deteriorated or under-designed elements

could be assessed.

Cold Climate Suitability Assessment: The feasibility of using CFRC in cold climates
like Alberta, where temperature fluctuations, FT cycles, and de-icing agents pose
unique challenges to traditional concrete materials needs to be investigated. CFRC
performance under these conditions in terms of durability, resistance to cracking, and
maintenance requirement can be investigated. A case study of CFRC application in a
cold environment like Alberta not only enriches the diversity of research but also
provides valuable insights for practical implementation. The findings from this case
study can contribute to the broader body of knowledge on CFRC's adaptability and

performance across different climatic conditions.

Life Cycle Assessments and Sustainability Analysis: Conducting life cycle
assessments and life cycle cost analysis to compare CFRC pavement with
conventional concrete pavement would provide a holistic understanding of its
environmental and economic benefits. Life cycle analysis would quantify the long-term
sustainability and economic viability of CFRC in construction projects, helping
decision-making processes for infrastructure development. Life cycle cost analysis
evaluates factors such as initial costs, maintenance expenses, and expected service

life to determine the economic viability of CFRC in various applications.

Environmental Impact: The potential reduction in maintenance and repair requirements
offered by CFRC in cold climates can be evaluated considering the implications for
environmental sustainability, including decreased use of de-icing agents, reduced energy

consumption for maintenance, and longer service life of infrastructure.
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In conclusion, the research presented in this thesis opens the door to a multitude of exciting
research avenues. Exploring these future directions can contribute significantly to advancing
the understanding, applicability, and sustainability of CFRC and its various applications.
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