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Abstract

Fibre-reinforced polymer (FRP) composites are widely adopted across various industries
due to their high strength-to-weight ratio, resistance to environmental degradation, and
manufacturing flexibility. The growing demand for FRP composites from different sectors has
generated significant waste streams over the past few decades, both from industrial
manufacturing processes and end-of-life (EoL) products. FRP composites present substantial
environmental challenges due to their non-biodegradable nature, complex composition, and
highly crosslinked thermoset matrices, which make them inherently resistant to natural
decomposition processes. Current major waste disposal practices for composites include
incineration and landfill, both of which are not sustainable solutions. These methods release
harmful emissions into the atmosphere, pollute soil and water sources, and contribute to the
growing problem of waste accumulation. Consequently, there is a pressing need to develop
sustainable recycling strategies to mitigate these adverse environmental impacts and enable

efficient resource recovery, aligning with the principles of a circular economy.

The increasing awareness of environmental sustainability has led to extensive research
into recycling FRP wastes in recent years. Recycling and repurposing thermoset FRP
composites is primarily achieved through three main routes, which are mechanical, thermal,
and chemical methods, which constitute the majority of current industrial practices. Although
recycled fibres can be reclaimed through these recycling strategies and used in composite re-
manufacturing, their degraded mechanical properties, reduced fibre length and high recycling
costs limit their feasibility in high-performance applications. To address these challenges and
offer an alternative solution, this research provides a viable strategy for large-scale waste
management through the repurposing of FRP waste in cementitious composites (CCs)
applications. The research projects presented in this thesis consist of experimental and
numerical studies on incorporating carbon and glass fibre-reinforced polymer (CFRP & GFRP)
composite wastes into cementitious matrices and developing innovative methods for
characterising and enhancing the performance of fibre-reinforced cementitious composites
(FRCC).

The thesis begins with a comprehensive literature review on the recycling and
repurposing of FRP composite wastes, followed by chapters presenting the research work and

findings. Two types of FRP composite waste that are repurposed into CC are fabric
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reinforcement offcuts and industrial FRP composite waste. These recyclates undergo either
mechanical or chemical recycling processes before their incorporation into CC. In the first part
of this thesis, the effects of carbon and glass fibre (CF & GF) with different contents on the
performance of CCs are studied through a comprehensive testing program that includes physical
and mechanical testing, durability testing, and microstructural analysis. VVoid geometry analyses
of these composites are conducted using micro-computed tomography (micro-CT), and their
influences on the performance of the CCs are discussed. The examination of the internal
microstructure of composites is crucial for understanding their performance. To enable the
detection of CFs in cementitious matrices and address the current challenges of low phase
contrast and image noise, novel image processing filters have been developed for micro-CT
analysis, along with a comparative assessment using ultrasonic testing (UT). This investigation
contributes to the advancement of non-destructive testing (NDT) methods for detecting and

characterising multi-scale features in cementitious matrices.

To address industry challenges, specifically the hydrophobic surface of CFs that leads to
increased CF agglomeration and weak interfacial bonding with the cementitious matrix,
innovative CF surface modification strategies have been developed. These strategies include
bio-based and electrochemical treatments, both aimed at improving the performance of FRCC
in construction applications. The alternations of CFs before and after treatments are examined
by a series of tests, including surface morphology analysis, chemical characterisations and
tensile testing. The enhanced interfacial bonding properties and mechanical strength between
functionalised CFs and the cementitious matrices are quantitatively investigated. The results
demonstrate successful new strategies for sustainable and efficient CF surface modifications

and their potential application in the construction industry.

The second part of this thesis transitions from focusing on CCs with fibres to developing
new methods for recycling industrial composite waste in CCs. The viability of pulverising and
repurposing FRP composite waste from electrical cross-arms and aerospace composite parts as
a partial substitute for cement in cementitious is confirmed. The recycling method includes a
two-step mechanical size reduction process for FRP waste without resin removal. Physical
properties, mechanical properties, durability and electrical properties of the resulting CCs are
evaluated. The inclusion of FRP recyclates resulted in a denser microstructure, a reduction in

drying shrinkage, and a significant improvement in mechanical strength.

This research also investigates the self-sensing capacity of cement-based sensors

incorporating mechanically recycled CFRP and CF, as well as chemically reclaimed CF waste,
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for structural health monitoring (SHM). The electrical resistivity and piezoresistive
performance of these composites are evaluated under various environmental conditions,
including chloride-induced corrosion. During the corrosion process, electrochemical
performance is monitored and analysed to assess the impact of chloride ingress and corrosion
on the CCs embedded with steel mesh. The findings demonstrate the effectiveness of utilising
recycled CFRP (rCFRP) to develop CCs that mitigate steel corrosion. The results also highlight
the potential of rCFRP-based cementitious sensors for SHM applications, particularly in

aggressive marine environments.

This work contributes to developing alternative strategies for managing FRP composite
waste by integrating it into CCs, rather than the currently unsustainable waste disposal methods.
Recycling and repurposing FRP composite waste into CCs presents an effective and eco-
friendly approach to mitigate environmental impacts while transforming waste into valuable
resources for construction applications. This process reduces the reliance on natural resource
extraction and offers both economic and social benefits. In addition to improved mechanical
and durability, the incorporation of recyclates also enhances the multifunctionality of CCs,
expanding their potential applications. The findings of this research are expected to advance
current FRP waste management strategies and promote the repurposing of recyclates in the
construction industry, contributing to more sustainable, cost-effective and socially beneficial

solutions.
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Chapter 1: Introduction

1.1 BACKGROUND AND MOTIVATION

Fibre-reinforced polymer (FRP) composites have been extensively utilised across various
industries, including construction, aerospace, renewable energy, and marine sectors [1]. With
their unique features of high strength-to-weight ratio, corrosion resistance and manufacturing
flexibility, the demand for FRP composites is rapidly increasing [2, 3]. Specifically, due to the
outstanding performance of carbon and glass fibre-reinforced polymer (CFRP & GFRP)
composites, the market demand for these two types of FRP composites is increasing [2].
However, the high-volume production and utilisation of FRP materials have led to a significant
increase in composite waste generation. The waste arises both during the manufacturing process
(scraps) and from end-of-life (EoL) products. By 2050, the annual accumulation of CFRP waste
from industries such as aerospace and renewable energy is projected to surge to 840,300 tonnes
[4]. Moreover, waste carbon fibres (CFs) alone are estimated to reach 263,000 tonnes by 2030
[5]. Similarly, GFRP, a primary material used in wind turbine blades, is expected to generate
approximately 100,000 tonnes of waste annually by 2030 [6]. The non-biodegradable nature of
these composites presents a substantial environmental challenge, emphasising the urgent
necessity for sustainable waste management and recycling practices to mitigate their negative
impact. Current methods for managing FRP waste, such as incineration and landfill disposal,
continue to pose considerable threats to the environment and ecosystem [7-9]. Consequently,
developing effective solutions for FRP disposal is essential to address these challenges and

promote resource recovery within a circular economy framework.

Over the last decade, increasing awareness of sustainability has driven researchers to
focus on recycling and reusing FRP wastes. Promising methods for recycling thermoset FRP
composites can be categorised into three primary approaches: mechanical, thermal, and
chemical techniques, which collectively account for approximately 80% of the current
recycling methods [8, 10]. Mechanical recycling provides an optimal capacity for waste
disposal and a lower environmental impact, while it is constrained by the production of low-
grade fibres [6]. Conversely, thermal and chemical recycling methods yield recycled fibres with
superior mechanical performance. Hadigheh et al. [11] demonstrated an optimised pyrolysis
process for recycling CF from CFRP composite waste through a controlled two-stage

decomposition reaction. This effective method produces clean recycled CFs with minimal
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surface damage, thereby preserving their mechanical properties and enhancing their potential
for reuse. According to a review conducted by Rani et al. [12] on the recycling and reuse
methods for CF/GF composite wastes from wind turbine blades, thermal recycling is not ideal
for recovering GF due to the significant reduction in mechanical strength caused by heat
treatment, even though it can be used for CF recovery. Additionally, GF is a low-cost material,
making energy-intensive processes such as pyrolysis and fluidised bed techniques less
economically viable for GF recovery. The chemical approach offers an alternative for
reclaiming CF and GF from composites with an emphasis on sustainable and green chemistry.
Ongoing research is focused on developing methods that operate at lower temperatures and
pressures [13]. Furthermore, Wei and Hadigheh [14] developed an effective hybrid recycling
approach for the recovery of CFRP waste, which incorporated a chemical method for pre-
treatment prior to thermal degradation. This optimised method can retain up to 90.53% of the
tensile strength of the virgin carbon fibres (vCFs), and the treatment was validated in real-world
applications.

In addition to the strategies that recover fibres from the polymer matrix for reuse in the
polymer industry, repurposing these wastes for alternative applications is also an efficient
strategy for managing large-scale waste disposal. As an example, cement co-processing is a
lower-emission and resource-efficient strategy where the mineral component of GFRP waste
serves as clinker, while the organic polymer matrix is used as fuel. Although it is not the most
cost-effective option, it is preferred over incineration and landfill [15]. Recently, there has been
growing research on incorporating FRP waste in the construction field, which addresses
environmental, economic, and performance challenges. Researchers have been actively
developing various methods to repurpose industrial FRP wastes into CCs in different forms,
including fillers, fibre reinforcement, and replacements for cement or aggregates [10, 16, 17].
Adopting the appropriate amount of FRP recyclates for incorporation into cementitious
composites (CCs) can effectively enhance the performance of CCs, with improvements
observed in compressive strength, splitting tensile strength, flexural properties, and other
related characteristics [10, 18]. Meanwhile, this approach supports sustainable construction
practices by reducing the need for raw material extraction and production. The use of either
micro or macro fibre reinforcement has the potential to minimise the reliance on traditional
rebars in steel-reinforced concrete (RC) structures. In this context, the incorporation of recycled
FRP waste into CCs is anticipated to offer benefits similar to those observed in well-known

fibre-reinforced cementitious composites (FRCCs), where discrete fibres provide a bridging

Chapter 1: Introduction 2



effect that limits crack formation, controls shrinkage and improves mechanical properties.
Additionally, carbon-FRCCs are also utilised as cement-based sensors in structural health
monitoring (SHM) by forming a conductive network within the composites [19-23].

1.2 RESEARCH GAP

Building on the background and motivation, despite there is growing interest in
incorporating recycled FRP composite waste into CCs, certain research gaps remain in several
key areas. The comprehensive review of FRP waste performance in CCs, including cost-benefit
analysis and life cycle assessment remains underdeveloped. Current research is also limited
regarding the durability of CCs containing short fibres, particularly in understanding
microstructural and porosity changes. While non-destructive testing (NDT) methods can
examine internal structures, both micro-computed tomography (micro-CT) and ultrasonic array
(UA) imaging face significant challenges in distinguishing CFs and defects within the cement
matrix. Furthermore, the presence of sizing agents on commercial CFs hampers their direct
incorporation into cementitious materials, limiting their potential performance benefits. On the
other hand, although some studies have explored recycling CFRP and GFRP waste in CCs,
practical implementation remains limited. Contradictory results necessitate further detailed
research on a case-by-case basis. In addition, exploring these CCs for multipurpose applications
also remains an important area for future investigation. Additional investigation is needed
regarding the chloride-corrosion resistance and self-sensing capabilities of steel-reinforced CCs

incorporating CFRP waste.

1.3 RESEARCH SCOPE AND OBJECTIVES

The goal of this research is to comprehensively assess the feasibility and evaluate the
influences of incorporating fabric reinforcement offcuts and industrial FRP composite waste
into cementitious mortars. To advance this field, this research aims to optimise fibre-matrix
interactions through innovative fibre surface modification techniques. Furthermore, enhanced
NDT are being developed for accurate internal structure characterisation. This study also
explores the multifunctional performance including self-sensing capacities and corrosion
resistance of steel-reinforced CCs. The research is structured in stages, with the following
specific objectives:

1. Chapter 2 -
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To provide a comprehensive literature review on the recycling and repurposing of
both CFRP and GFRP composite wastes in CCs,

To review the design, measurement and performance of cement-based sensors

incorporating CF and CFRP wastes for SHM applications, and

To review the current CF surface modification strategies for enhancing FRCC

performance.

2. Chapter 3 -

To conduct a comprehensive investigation into the effects of incorporating short
CF and GF into cementitious mortar on its multifaceted characterisation,
including acid diffusion, water absorption, drying shrinkage and electrical

resistivity measurement,

To conduct a void geometry analysis and examine its influence on FRCC
multifaceted performance,

To develop and apply novel image processing filters for X-ray micro-CT analysis
of carbon-FRCC, and

To compare and discuss the practical advantages and limitations of micro-CT
scanning versus ultrasonic testing (UT).

3. Chapter 4 —

To develop effective CF surface modification methods to enhance interfacial

fibre-matrix bond strength, and

To evaluate the effectiveness of these surface modifications, focusing on fibre-
matrix interfacial bonding strength, and the fresh, physical, compressive, and

flexural properties of the resulting composites.

4. Chapter5—

To develop sustainable waste recycling practices for the utility and aerospace
sectors by incorporating mechanically recycled FRP into construction materials,

and

To investigate the effects of incorporating CFRP and GFRP recyclates on the

fresh, physical, mechanical and electrical properties of the resulting CCs.
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5. Chapter 6 —

= Toinvestigate the viability of the self-sensing ability of CFRP waste-incorporated
FRCCs,

= To study the influence of CF & CFRP recyclates on the electrical resistivity and
piezoresistivity of CCs under varying temperatures, humidity and chloride-

induced corrosion, and

= To examine the effects of repurposing CF & CFRP recyclates on the corrosion

resistance and electrochemical properties of steel mesh-embedded CCs.

1.4 RESEARCH FRAMEWORK AND OUTLINE OF THE THESIS

This thesis consists of seven chapters. The current chapter (Chapter 1) provides the
background, motivation and research gaps, and identifies the research objectives this study aims

to address. The remaining chapters are organised as follows:

Chapter 2 presents the literature review, which primarily provides an overview of
integrating FRP wastes, such as recycled CFRP/ GFRP (rCFRP/ rGFRP) and recycled CF/ GF
(rCF/ rGF), into cementitious materials. Given that past research on the performance of recycled
GFRP wastes into CCs has not been compiled, this chapter begins by providing a
comprehensive investigation into the influences of GFRP waste incorporation on the properties
of fresh concrete/mortar, mechanical properties, durability mechanisms, as well as
environmental and financial aspects. Based on the existing review of utilising CFRP waste in
CCs, this chapter then transitions to examining the incorporation of CFRP waste on the
properties of concrete and mortar. Particular attention is given to their contribution to electrical
properties for potential self-sensing ability and addressing durability concerns in relation to
steel corrosion. This chapter also explores existing CF surface modification techniques for
enhancing the performance of FRCCs. Different modification strategies are evaluated, and their

effectiveness is examined.

Chapter 3 presents a comprehensive experimental investigation into the physical,
durability, and electrical properties of FRCC. The study begins by evaluating the durability and
internal microstructure of CCs incorporating short fibre offcuts, aiming to demonstrate their
viability for construction applications. It also includes numerical studies on the acid diffusion
process within these materials. The numerical studies in this chapter also cover the development

and application of computational algorithms for micro-CT analysis. This chapter consists of
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two major contributions: (i) Multifaceted characterisation of cementitious mortar with CFs and
GFs, focusing on how the incorporation of additional fibres affects the void geometry
distribution (e.g., elongation and eccentricity) within FRCC, and how these influences reflect
on acid diffusion, water absorption, mechanical strength and drying shrinkage of FRCC; and
(it) Development and application of the Anisotropic Gaussian filtering in X-ray micro-CT
analysis tailored for detecting CF features in the CC. To address the limitations and high costs
of X-ray micro-CT, this chapter also investigates the application of the Total Focusing Method
(TFM) ultrasonic technique, with post-processed TFM imaging results validated against

advanced micro-CT analysis.

Chapter 4 builds upon the findings of Chapter 3 by addressing a critical challenge: the
increased presence of elongated voids between CFs and the cementitious matrix, primarily due
to the inherently hydrophobic nature of the CF surface. This characteristic results in a weak
fibre-matrix interface and poor fibre dispersion, both of which significantly compromise the
performance of FRCC. To address this issue, this chapter proposes two novel types of CF
surface modifications (bio-based treatments and electrochemical grafting methods) to enhance
fibre-matrix interfacial bonding strength, as well as the fresh, physical, compressive, and
flexural properties of carbon-FRCC. To examine the successful application of these methods
individually, chemical and physical surface characteristics of CFs are evaluated to elucidate the
underlying alterations, including attached functional groups and increased surface roughness.
Better fibre-matrix interaction is demonstrated by fibre pullout testing and microstructural
examination. As a result, enhanced mechanical strengths (e.g., compressive and flexural
strength) with denser microstructures are observed in all FRCC specimens with functionalised
CFs using the proposed surface modification methods. Both surface modification methods
demonstrate their distinct advantages in this field. Bio-based treatments provide a gentle and
environmentally friendly alternative to conventional chemical treatments, making them a
continuously active area of research interest. Meanwhile, in-situ electrochemical grafting
techniques demonstrate their high efficacy for CF modification, leading to outstanding FRCC

mechanical performance.

Chapter 5 extends this line of research into the realm of sustainability by introducing a
strategy for incorporating recycled FRP (rFRP) wastes into cementitious materials. This
approach demonstrates the repurposing of GFRP and CFRP composite waste from the utility
and aerospace sectors through a two-step pulverisation process for size reduction. The chapter

evaluates the mechanical, physical, durability, and electrical properties of CCs incorporating
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these recycled FRPs. Additionally, a microstructural analysis was conducted to evaluate the
physical and chemical alterations at varying dosages of CFRP/GFRP replacements in cement-
based mortar. The findings offer valuable insights into the re-utilisation of waste materials from

various industries in construction, contributing to sustainable development efforts.

Chapter 6 leverages both the recycled materials and electrical properties of CFs, as
highlighted in the previous chapters, to explore the development of multifunctional cement-
based sensors. These sensors incorporate pulverised CFRP waste and both mechanically and
chemically reclaimed CFs. Firstly, this chapter discusses how these recyclates influence the
corrosion resistance and electrochemical properties of stainless-steel mesh-embedded CCs
when exposed to a simulated marine environment. The study then evaluates their effect on the
electrical resistivity and piezoresistivity of CCs under varying conditions, including different
temperatures, humidity, and chloride-induced corrosion exposure. The findings demonstrate the
effectiveness of utilising rCFRP/rCF to develop CCs that mitigate steel corrosion and highlight
the potential of rCFRP/rCF-based cementitious sensors for SHM applications, particularly in

aggressive marine environments.

Chapter 7 summarises the major research findings and presents the key conclusions.

Additionally, it provides recommendations for future research directions.

The thesis structure is briefly illustrated in Figure 1-1.
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Chapter 2: Literature Review

2.1 INTRODUCTION

CCs are widely recognised as the preferred construction material in civil engineering due
to their excellent mechanical properties, durability, and cost-effectiveness. However, their
continuous consumption and extensive use pose significant environmental challenges. Cement
production contributes to over 7% of total global carbon emissions [1, 2]. Additionally, sand
and gravel, which make up approximately 70% of CCs by volume, lead to the depletion of
natural resources, negative impacts on ecosystems, and carbon dioxide emissions [3].
Concurrently, the growing production and use of thermoset composites, particularly CFRP and
GFRP composites, from various industries also present environmental concerns. These
advanced composites offer distinct advantages such as high strength-to-weight ratio and
corrosion resistance. Nevertheless, their non-biodegradable nature and complex chemical
structure complicate recycling and safe disposal. According to statistics, worldwide CFRP
waste accumulation from the commercial aeronautical sector is projected to exceed 500
thousand tons by the year 2050 [4]. Wind turbine blades, predominantly manufactured from
GFRP, will accumulate approximately 40 million tons of waste worldwide by 2050 [5].

To address these issues and promote sustainable development in construction, extensive
research has been conducted into recycling and reusing FRP waste in cementitious materials as
an alternative application. While economic considerations remain, the primary factor
influencing the future of thermoset composite recycling, the key to making this process viable
lies in developing cost-effective repurposing strategies and maximising the value potential of
these recyclates [6]. The incorporation of FRP waste into CCs (concrete and mortar) represents
a promising solution that not only addresses environmental and waste management challenges
but also has the potential to enhance the performance of these materials, hence providing both

environmental and economic benefits.

This chapter presents a literature review of existing FRP recycling strategies, with a focus
on their repurposing in CCs. It discusses the separate incorporation of GFRP and CFRP into
CCs to explore the effects on their properties. Furthermore, the chapter delves into the
development of innovative cement-based sensors for structural health monitoring (SHM) that
incorporate CFRP and CF recyclates. Different surface modification techniques for CFs are

also introduced in this chapter as critical strategies to enhance the interfacial bonding between
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fibres and cementitious matrices. This enhancement is essential for developing CCs with high
mechanical performance for advanced structural applications. This chapter is organised into
three main sections. Section 2.2 presents a published journal review paper on the topic of
recycling GFRP composite wastes in concrete. Section 2.3 presents a comprehensive review of
studies investigating the repurposing of CFRP composite wastes into CCs. Section 2.4 analyses
the existing knowledge and literature on CF surface modification techniques that have been
developed for enhanced FRCC.
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COMPOSITE WASTES IN CONCRETE: A CRITICAL REVIEW AND COST
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2.2.1 Abstract

The application of fibre reinforced polymer (FRP) composites has increased substantially
in recent years as a result of need for lighter and stronger materials. Currently, the reuse and/or
recycling of composite wastes is very limited while most of wastes are disposed of in landfill
or incinerated. Recently, mechanical recycling, fluidised bed, and pyrolysis has been developed
to recycle FRP composites, but yet to be fully commercialised. As an alternative recycling
strategy, incorporating glass fibre reinforced polymer (GFRP) into concrete has shown a great
potential from both economic and environmental perspectives. This paper systematically
reviews the performance of recycling of GFRP wastes into concrete with respect to fresh
properties, mechanical properties, durability, environmental and financial aspects. Results show
that the effect of recycled glass fibre reinforced polymer (rGFRP) on concrete mechanical
strength is associated with the content of waste material (fibre or resin rich) and physical
properties (shape, density, hydrophilicity) of GFRP recyclates, as well as the amount of
recyclates. For rGFRP powder, the filler effect combined with the pozzolanic reaction can
improve interfacial transition zone strength, increasing mechanical strength. Recycled glass
fibre has reinforcing effect to restraint cracks and can provide extra slip resistance to strengthen
the bond, resulting in improvement of flexural strength. Recycling of GFRP waste in concrete
reduces water absorption of the concrete, improving durability properties. Furthermore, this
research presents outcomes of cost-benefit analysis and benefit-cost ratio on five common
GFRP recycling methods. The results show that repurposing rGFRP in concrete can reduce the
total required investment and increase net profit. Recommendations and future perspectives are
also provided to allow a wider adoption of rGFRP repurposing from industrial waste and the

development of a more sustainable life cycle.
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2.2.2 Introduction

Due to the advantageous characteristics of high strength-to-weight ratio, resistance to
corrosion and unprecedented flexibility, fibre-reinforced polymer (FRP) composites have been
utilised in more industries than ever before, such as transportation, aerospace, marine and
construction industries [7]. As the market for FRP composites rapidly grows, a substantial
amount of composite waste is generated through the high-volume production and consumption
of FRP materials [8, 9]. More than two million metric tonnes of glass FRP (GFRP) wastes are
projected to be created annually in the United States from both residues from the production
process and end-of-life (EoL) products [10]. The United Nations (UN) has defined 17
Sustainable Development Goals (SDGs), with promoting sustainable construction industry
activities being an essential component of Goal 11: Sustainable cities and human settlements.
Recycling and repurposing waste in the building industry are directly related to this subject and
could contribute to achieving the target by 2030, as planned in the agenda [11]. Therefore,
developing strategies for recycling and repurposing FRP composites is crucial for mitigating
the negative environmental and ecological consequences of landfilling and incineration. By
implementing such strategies, the construction industry can move towards more sustainable

practices, in line with the goals set out by the UN [12-14].

FRP composites are anisotropic materials, composed of a resin matrix and fibre
reinforcement. Depending on the constituent materials, carbon, glass, aramid and basalt fibre
reinforced polymer (CFRP, GFRP, AFRP, and BFRP) are recognised as four main FRP
composites in the civil engineering industry. Due to the outstanding characteristics of GFRP
and CFRP composites, the market demand for these two composite materials is remarkably
high. GFRP composites dominate the composite market (a market share of over 95%), with
glass fibres accounting for 65% of the profits produced by FRP material sales [13, 15].
Considering high mechanical and superior durability performance of CFRP, these composites
are commonly used for high-performance applications in aerospace, automobiles and structural
strengthening [16-19]. The significant growth of the global demand for CFRP has increased
from 50 kilo tonnes in 2010 to more than 160 kilo tonnes in 2020 [20].

The need for composite recycling solutions has recently become more urgent in

automotive, renewable energy and aerospace sectors. Instead of landfill and incineration, FRP
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composites can be recycled through mechanical, thermal and chemical recycling techniques.
Chemical and thermal recycling methods are mainly used to reclaim carbon fibre from the
CFRP due to the higher price of virgin carbon fibre (vCF) [13, 14]. The amount of EoL wind
turbine blades has continuously increased due to the designed service-life of 20 years and the
growing demand for renewable energies [13]. Since GFRP is the major component of wind
turbine blades and has non-biodegradable characteristics, it is critical to properly manage these
composite wastes. In the case of GFRP recycling strategies, low-cost recycling methods are
utilised due to the lower price of virgin glass fibres (vGF) [13, 15, 18]. Currently, mechanical
recycling is a feasible approach to recycle GFRP composites with reduced energy consumption
and cost, despite the recyclate is discontinuous and cannot be used as high-value products [8,
21, 22]. Thus, developing an alternative way to efficiently utilise GFRP composite wastes has

attracted increasing interests worldwide.

A viable option to utilise mechanically recycled GFRP composites is to incorporate GFRP
recyclates into concrete (named repurposing GFRP waste in concrete in this paper) in the forms
of powder, fibre and aggregate [15, 21]. Recycled GFRP elements are mixed in concrete as a
partial replacement of fine and coarse aggregate, or as a reinforcing element. This alternative
repurposing approach has the potential to be a long-term and sustainable solution for managing
the growing GFRP wastes by reducing environmental impacts of waste composites. There have
been some efforts to commercialise rGFRP in concrete since the last decade. Currently, the
commercially viable solutions include precast concrete blocks, manhole module, and railway
sleepers [23-25].

The application of recycled fibre-reinforced polymer (rFRP) composites, which are made
from recycled carbon fibre-reinforced polymer (CFRP) and glass fibre-reinforced polymer
(GFRP) wastes, in the construction sector is an area of research that is expanding. Although
recent investigations have been conducted on the effect of recycling GFRP waste in concrete,
past research findings have not been compiled and systematically analysed. To the authors'
knowledge, while there are reviews on the reuse of mechanically recycled FRP waste in
cementitious materials for construction, no existing review articles have been published that
specifically focus on the performance of repurposing GFRP composite waste in concrete, as
well as the cost-benefit and life cycle analysis of recycling pathways. A systematic review that
includes all key concrete characteristics, as well as the economic and environmental issues of
repurposing rGFRP in concrete, is needed to fill this gap in the literature. Thus, a critical review

of the literature will be especially valuable in synthesising research findings to provide robust
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guidelines for waste treatment selection and market outlook of GFRP recycling. For this
purpose, a review of current recycling methods of FRP composites is briefly presented in
Section 2.2.3. Subsequently, the effect of incorporating GFRP waste in concrete with a focus
on fresh properties, mechanical properties and durability aspects is discussed in Section 2.2.4.
In Section 2.2.5, the cost-benefit analysis (CBA) approach is employed to assess the economic
feasibility of five different recycling methods by taking into account the capital investment,

operating costs, total benefit and net profit.

2.2.3 FRP composite recycling methods

Recycling of FRP composite at the end of its service life is a feasible alternative to
landfilling and incineration, offering several financial and environmental benefits. This section
primarily focuses on common FRP recycling methods including mechanical, thermal and

chemical recycling techniques.

2.2.3.1 Mechanical recycling

Mechanical recycling is a method that breakdowns FRP wastes into smaller pieces for
reuse in new composites or as a pre-recycling process for other techniques [8]. Recycled parts
can be produced in various shapes and sizes using cyclones and sieves. Mechanical recycling
is one of the most common techniques due to simplicity of the process and low investment
requirements. However, loss of mechanical properties and geometrical shape and lower value
of the final product affect the widespread use of this method [26]. Recycled fibre recovered by
mechanical techniques, such as crushing or milling, cannot maintain high mechanical properties
(e.g. 50% reduction in tensile capacity) and fibre integrity (i.e. crushed fibres), resulting in the
lack of market competitiveness [27]. Currently, mechanical recycling is commonly employed

for GFRP composite due to the lower value of vGF [8].

2.2.3.2 Thermal recycling

Pyrolysis is one of the thermal recycling methods, in which the bond between the matrix
and the fibre is broke down in an oxygen-free environment. Compared with mechanical
methods, pyrolysis could reclaim longer (around 6-60 mm) and clean fibres from wastes via
thermal degradation process. The thermal process must be carefully designed in order to achieve
high strength and clean recycled fibre. Hadigheh et al. [14]’s research showed that there is a
risk of fibre surface damage due to the application of excessive heat during recycling process.

The behaviour of recycled fibres highly depends on the setting of process variables, such as
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heating rate, cap temperature, nitrogen (N2) flow rate, and isothermal dwell time [14]. With
accurately designed parameters setting, pyrolysis could achieve carbon fibre with strength up
to 90% of virgin carbon fibre. As a result, these reclaimed fibres can be used for high structural
elements such as facades, noise absorption walls and pipes [26, 28]. This technique has been
commercialised in recent years. The main drawback of pyrolysis in practice is the high risk of
uncontrolled chars on recycled fibre and toxic gas (e.g. CO) formation, therefore, additional

treatments are required to remove the residues and capture toxic gases.

Fluidised bed (gasification) is also a thermal recycling method, which employs flow
stream to transfer the heat to the composite waste placed on the silica sand bed for matrix
thermal degradation. High temperature applied during this process can minimise the char
formation and recover the energy that is released during combustion of the polymers [29]. In
fluidised bed, the decomposition of FRP starts at around 400 °C and higher strength recycled
carbon fibre could be obtained under continues or semi-continuous reaction medium flow. The
procedure consists of four stages: placing waste composite in the reactor, pumping heated
reaction medium to create semi-continuous or continuous flow, cooling product and filtering
liquid wastes which passing through a pressure control valve [30]. During gasification, a
chemical conversion takes place at the fibre surface, initiating conversion of hydroxyl groups
to carbonyl and carboxylic groups [31]. The fibres reclaimed via gasification process have
shown significant mechanical property reduction, for example, 33% tensile strength reduction
was reported [31]. Similar to pyrolysis, fibres reclaimed via fluidised bed are fluffy with
unstable dimensions, makes it difficult to reuse and remanufacture recycled composite [8].
Furthermore, strategies should be put in place to deal with the large amount of waste liquid

generated after recycling that can hinder the use of this method in an industrial scale.

2.2.3.3 Chemical recycling

Solvolysis is a process for separating fibres from composites that uses a chemical solvent
incorporating catalysts/additives to decompose the matrix bond at a certain pressure and
temperature. Solvolysis can be carried out under low temperature and pressure (LTP) or high
temperature and pressure (HTP) [32]. Solvolysis at LTP is usually carried out below 200 °C at
the atmospheric pressure with reactive solvents such as nitric acid [33]. Although LTP requires
longer reaction time and aggressive solvents in the process, it can lead to higher fibre quality
after recycling [32]. On the other hand, HTP with super and sub-critical conditions is gaining

more popularity since it is more environmentally friendly than the HTP method. According to
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Amaral de Oliveira and Goettmann [34]’s research, the optimal design for recycling CFRP
waste with the maximum resin degradation is to use acetic acid as the solvent and hydrochloric
acid as the catalyst at 180°C under autogenous pressure. The solvolysis recycling for GFRP
composite is currently being investigated on a small scale [35-37]. To recycle GFRP wind
turbine blades, a two-step solvolysis method was adopted, which included heating GFRP waste
at 270 °C in ethylene glycol for 16 hours, and subsequently heating at 330 °C in water/1-
propanol/KOH for 3 hours [36]. Further research is needed to achieve the commercial status

for solvolysis-based recycling of End-of-Life wind turbine blades.

2.2.4 Repurposing GFRP waste in cementitious materials

Repurposing GFRP waste in cementitious materials is considered as an alternative/end-
use application of utilising recycled GFRP composite waste for purposes other than its original
intended use. In the process of cement co-processing, the size of GFRP composite wastes is
first reduced, then the mineral component of GFRP composite is used to make clinker while
the organic polymer matrix is converted into fuel. Cement co-processing is regarded as a zero-
emission strategy during which composite waste is reused as a raw material or a source of
energy. Co-processing of FRP composites in cement kiln is beneficial for both energy recovery
(around 33%) and material recovery (around 67%), becoming more widespread for composite
waste management [13, 38, 39]. In this process, Cement Kiln co-processing has shown low
negative impact on the environment [38]. Although co-processing is not the most cost-effective
choice when compared to other recycling options, it is still preferred over incineration and
landfill [40].

FRP waste can be also used as an additive in brick manufacturing [41]. More recently,
repurposing FRP wastes as supplementary cementitious materials have been the subject of
research. Before being mixed into the concrete, FRP waste is mechanically recycled to a smaller
size or a certain shape. Concrete consisting of rCFRP and rGFRP have shown the potential to
enhance mechanical properties and long-term durability [42, 43]. Based on the quantity and
length of the rGF, Ribeiro et al. [44] classified mechanically (shredding, milling and sieving)
recycled GFRP waste into two types: the GFRP recyclate with greater fibrous content which
primarily functions as reinforcing material in concrete, and GFRP waste with higher powdered
fractions which mainly acts as filler. Both these two different types of recyclates have been
found to improve the mechanical properties of polymer concrete materials. Moreover,
incorporating both rCFRP and crumb rubber into concrete can substantially reduce CO:

emissions with improved mechanical properties [45, 46]. However, the optimum size and
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dosage of FRP composite wastes are still being researched. A number of research has been
devoted to studying the viability of incorporating GFRP waste in concrete. Table Al of
Appendix 2-A summarises available data in the literature, provides information about GFRP
waste source, mechanical recycling processes, recyclate dimensions, and incorporation content.
Two main strategies have been adopted in the literature including replacement of fine and
coarse aggregates with GFRP recyclates or the use of rGF as an internal reinforcing element,
while just few studies have used rGFRP as a substitute for cement and filler. This section
provides a comprehensive investigation on the influence of GFRP waste incorporation in
concrete in relation to the properties of fresh concrete, mechanical properties, and durability
mechanisms. Based on data in Table A1, the content of rGFRP in concrete was converted to a
percentage of the total mass in the figures in this paper in order to make it possible to compare
the effect of different rGFRP content.

2.2.4.1 Properties of fresh concrete

Fresh properties of concrete relate to the workability and fresh density, both of which are
important for the material to be properly placed and cured. Since the fresh properties of concrete
are also critical to its strength and durability, it is essential to evaluate the performance of fresh
concrete when GFRP recyclates are incorporated into the mix.

Workability

Workability refers to the properties of raw concrete which determines its homogeneity
and the ease of placing. There are several factors influencing workability of concrete, such as
water-to-cement ratio (w/c), gradation, type of aggregates and mix proportion. Apart from these
major factors, the workability of concrete also varies with the content, size and morphological
characteristics of GFRP wastes. Slump flow diameter and w/c ratio are two measurements used

to evaluate the workability of fresh mortar/concrete.

Experimental results have shown that higher dosage of GFRP fibrous recyclates decreases
slump flow diameter (see Figure 2-1 (a)). This is attributed to the conglomeration of fibrous
and granular recyclates, which increases water demand. On the other hand, GFRP waste has a
high specific surface area, that increases water demand, resulting in reduction in workability
[21, 47]. Moreover, the slump flow diameter of fresh mixtures was found proportionally
reduced with both longer fibre length and higher fibre content. In most cases, limiting the
recycled GFRP content to 2% can lead to an acceptable slump value [48, 49]. Patel et al. [50]
reported that incorporation of rGF leads to higher workability than addition of virgin GF. vGF
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exhibits greater hydrophilic behaviour requiring more water, while the resin coating on the
surface of recycled fibre assists to reduce water demand, thus resulting in higher slump value
[50]. The GFRP powdered particles are irregular with low roughness which fill the voids
between fine aggregates, reducing the volume of water required. Figure 2-1 (a) also shows that
GFRP composite waste used as a filler in mortar can positively affect the workability [15, 51].
For the mortars with the same w/c ratio, Farinha et al. [15] observed that replacing 20 wt% fine
aggregates with GFRP waste (smaller than 63 um) significantly increases the flow value. As a
partial replacement of fine aggregate, GFRP particle absorbs less water than the fine aggregate
it replaces, which is another contributor to lower the water demand. No significant influence on
concrete workability was observed when GFRP composite is recycled into needle shape (e.g.
with 6x6 mm2 cross-section and 100 mm length) and used to partially replace coarse
aggregates. Compared to plain needles, the slump values of grooved needles are slightly lower,

due to a larger surface area and a rougher surface of grooved needles [22].

The amount of mixing water has a direct relationship with the workability of fresh mortar.
As shown in Figure 2-1 (b), w/c ratio decreases with lower rGFRP replacement and then slightly
increases with higher rGFRP dosage [15, 52]. In these studies, the size of GFRP powder was
found to be smaller than fine aggregates (refer to Figure 2-1 (d) [52]). This distinct behaviour
is related to morphological characteristics and specific surface area of the GFRP. The round
shape of rGFRP particles with low roughness improves workability, while the high specific
surface area of rGFRP particles increases water consumption. The negative effect of high
specific surface area becomes more evident as the dosage of rGFRP replacement increases. In
contrast, Oliveira et al. [53] observed that the w/c ratio gradually increases with GFRP waste
as replacement of sand. As indicated in Figure 2-1 (d) [53], the particle size distribution of
GFRP powdered waste is within the acceptable limit of the fine aggregates used in mortar. The
explanation for the increasing water demand may be the comparable size of GFRP powered

waste with irregular dimensions.
Bulk density

The inclusion of GFRP waste into the concrete mix lowers the density of fresh
concrete/mortar. Coppola et al. [54] explained that replacing 10% of fine aggregates by volume
with GFRP powder results in a decrease in density of fresh mortar owing to air entrapment, as
illustrated in Figure 2-1 (c). Correia et al. [52] have observed that when the GFRP powder for
replacement of fine aggregates increases from 5% to 20% by volume, the density of fresh

concrete gradually decreases up to 5.8%. The reason behind this is that GFRP has a lower
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specific density (1840 kg m) than the fine aggregates that were being replaced (2590 kg m).
This is consistent with the findings of Farinha et al. [15] where they investigated the density of
mortars with 0% to 15% GFRP waste by volume as sand replacement. Nonetheless, when GFRP
waste content was raised from 20% to 50%, a higher bulk density was observed (Figure 2-1
(c)). The filling effect is responsible for the increasing bulk density where GFRP particles fill

the voids between aggregates, causing the mortar to become more compact.
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Figure 2-1. Effect of rGFRP on: (a) flow diameter, (b) w/c ratio, (c) bulk density of fresh
mortar, and (d) Particle size distribution of GFRP waste in various studies [52, 53].

2.2.4.2 Mechanical properties

The following sections summarise the influence of incorporating different forms of
rGFRP on the mechanical properties of concrete including compressive strength, flexural

strength and splitting tensile strength, elastic modulus, toughness and impact resistance.

Compressive strength
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Since various types and sizes of rGFRP have been reported in different research, a direct
comparison may result in misleading conclusions about the influence of rGFRP on concrete
compressive strength. Hence, we categorised rGFRP incorporation based on replacement
methodology; fine aggregate replacement, coarse aggregate replacement, or rGF as

supplementary material.
- Fine aggregate replacement

The influence of incorporating GFRP powdered waste as a partial replacement of fine
aggregates on concrete compressive strength is presented in Figure 2-2 (a) Two distinct
responses can be observed; some results show reduction and the others show increase in
compressive strength of concrete/mortar due to partial replacement of fine aggregates with
GFRP waste. The reduction in compressive strength can be attributed to a variety of factors [52,
53, 55, 56], including (i) lower compressive strength of rGFRP particles compared to natural
sand, (ii) weaker interfacial bond between rGFRP particles and cement paste, due to the
cylindrical shape of the rGFRP particles, polymer fractions of the rGFRP waste, and size of the
rGFRP particles and (iii) the presence of voids and uneven distribution of GFRP waste in
concrete. Rodin I1l et al. [57] found that smaller rGFRP particles can lead to a greater
compressive strength reduction due to the need for higher binder content. Research has also
reported the increase in compressive strength of concrete by using the GFRP waste powder [15,
44]. This is mainly due to the filler effect of fine rGFRP particle size that leads to reduction of
the voids between the particles in the concrete. As the particle size distribution displayed in
Figure 2-2 (c), compared to coarse waste (CW), fine waste (FW) works more as a filler
extension for fine aggregates. Baturkin et al. [58] argued that the GFRP waste (without organic
content) can contribute to a higher pozzolanic activity, which is mainly controlled by the silicate
content as well as fineness (the particle size of GFRP waste is smaller than that of cement, as
shown in Figure 2-2 (c)). When replacing 10 wt% cement, GFRP waste powder can maintain
and enhance the compressive strength compared to plain concrete, especially at 90 days. The
filler effect of glass particles accelerates the hydration rate through providing more hydration

sites and exhibiting the pozzolanic activity due to the presence of silica in glass fibre [59].

In addition to GFRP waste powder, compressive strength can be improved by reinforcing
effect when fibrous GFRP recyclates replaced 4% to 12% (weight content of total mass) of fine
aggregates [44]. Ribeiro reported an optimum GFRP fibrous recyclates content of 8% of the
total weight. Furthermore, an adhesion promoter such as silane coupling agent improved

compressive strength by enhancing the interface bond between the resin matrix and particles.
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Garcia et al. [47] used an optimised mechanical treatment to reduce the amount of polymer
particles in the GFRP waste before incorporating it into concrete. By introducing 1 wt%
recycled glass fibre (rGF) recovered from this treatment, the mechanical performance of
concrete enhanced by up to 22%, which is attributed to the better adhesion between fibres and
cement matrix. In addition, Patel et al. [50] found that partially substituting fine aggregates with
glass fibres (0.1 to 0.3 vol% of the mix) reclaimed from shredding machine can improve
compressive strength by up to 22%, owing to the high concentration of calcium, silicon, and
sulphur in rGF which promotes the calcium silicate hydrate (C-S-H) reaction within interface
region. The better interfacial bonding between the recycled glass fibre and cementitious

material can explain the positive effect on mechanical properties.

The effect of curing condition on the compressive strength of concrete/mortar containing
rGFRP is shown in Figure 2-2 (b) The compressive strength of GFRP incorporated concrete is
higher with dry curing condition (air and oven) than with water curing. Asokan et al. [60] and
Tittarelli and Shah [61] reported a polymeric film can form at the surface of cement hydrates
during the hydration process when air (T =23 £ 2 °C, RH =50 £ 5%) or oven curing (T =50
2 °C) is adopted. The polymeric film intermingles with cement hydrates and can help arrest
cracks, thus improving the compressive strength of concrete. Moreover, Asokan et al. [62]
stated that superplasticiser (SP) may promote the development of polymeric films, resulting in
good bonding between GFRP waste and cementitious material.
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Figure 2-2. Effect of (a) fine aggregate replacement, and (b) curing condition on
compressive strength of rGFRP incorporated concrete/mortar; (c) Particle size distribution of

GFRP recyclates, fine aggregates and cement in various studies [44, 58].
- Coarse aggregate replacement

Hofmeister [63] found that replacing coarse aggregates with 50 and 100 vol% GFRP
cubes can dramatically reduce compressive strength. Recycled cubes (between 6 tol2mm) were
cut from GFRP composites. The flat surface of GFRP cubes has a negative impact on bonding
performance and consequently compressive strength. This is supported by the finding of
Yazdanbakhsh et al. [64] and Yazdanbakhsh et al. [65], where they found that replacing 40 and
100 vol% of coarse aggregates with GFRP rebar waste results in a 13% to 21% decrease in
compressive strength, respectively. Due to the loss of angular form and lower roughness of the
GFRP aggregates, a weaker physical bond between the GFRP aggregates and the cement paste
leads to lower compressive strength. Furthermore, the orientation of the glass fibre in the
recyclates plays an important role on compressive strength of concrete made of rGFRP. It has
been shown that the GFRP needles with transverse glass fibres arrangement do not improve
compressive strength of the concrete [22]. Hofmeister [63] added 3mm wide and 30mm long
GFRP strips cut from wind turbine blades at 1 vol% of the mix. Since the GFRP strips were cut
parallel to the unidirectional fibres, the compressive strength of concrete was increased by 13%

after 7 days.
- rGF as a supplementary material

Research has shown that incorporating recycled glass fibre as a supplementary material
can enhance compressive strength of concrete [21, 48]. Recycled GF works as a bridging

component, transferring stress to the matrix and increasing the resistance of concrete against
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cracking [48]. The addition of glass fibre (e.g. 0.5 to 2 vol% with 10 to 30 mm length)
demonstrated that greater rGF contents combined with longer fibre lengths can enhance
compressive strength by 45% [49]. Higher compressive strength can be attributable to a variety
of factors: (i) the resin coated and rough surface of rGF can lead to a strong bond between rGF
and matrix, (ii) lower proportion of large sized pores in mortar is desirable for strength gain,
(iii) the formation of C-S-H gels on rGF can improve the adhesion of rGF to the matrix, (vi) the

higher hydrophilicity of rGF may result in stronger bond to the matrix.
Flexural strength

Flexural strength of concrete with rGFRP shows trends similar to compressive strength.
Flexural strength increases when GFRP is recycled as a replacement for fine aggregate or rGF
is reused as a supplementary material in concrete (see Figure 2-3 (a)) [15, 21, 44, 47, 48, 50,
60]. 18% increase in flexural strength of polymer mortars with 8% (by the total mass) sand
replacement with GFRP wastes (fibrous waste lengths ranging from a few micrometres to
25mm) is reported by Ribeiro et al. [44]. Farinha et al. [15] showed that the mortars containing
GFRP waste has 155% higher flexural strength at 365 days compared to plain mortar.
Nonetheless, the incorporation of rGFRP in the powdered form could lead to a decrease in
flexural strength in some cases, similar to the compressive strength [54, 61]. The reduced
mechanical strength was explained by the lower strength of rGFRP powder in comparison to

silica sand and an increase in porosity.

The reinforcing effect of GFRP recyclates significantly improves flexural behaviour and
inhibits crack propagation in concrete. In general, the addition of rGF results in improvement
of flexural strength by 58% for 5wt% (of cement) addition [60], 14% for 4wt% fine aggregate
replacement [44], and 22% for 0.3 vol% fine aggregate replacement [50]. The length of GF also
affects flexural strength improvement. Mastali et al. [48] and Mastali et al. [49] observed that
the flexural strength gradually increases with higher content and length of rGF. Zhou et al. [21]
suggested that samples with 6 to 20mm long rGF show higher flexural strength with a length
to width ratio greater than 6. Another factor that contributes to higher flexural strength is the
resin coating and subsequently rough surface of the rGF. This enhances the bond between the

fibre and the matrix, generating extra slipping resistance at the fibre-cement interfaces.
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Figure 2-3. The effect of rtGFRP content on (a) flexural strength; (b) and (c) splitting
tensile strength.

Tensile strength

The effect of partially replacing fine aggregates with rGFRP recyclates on the splitting
tensile strength of concrete is shown in Figure 2-3 (b). The improvement of splitting tensile
strength is attributed to the presence of rGF as a reinforcing material and the stronger bonding
between rGFRP surface and matrix [50, 62]. Coppola et al. [54] reported that the tensile strength
can be enhanced by about 30% when 10% of sand volume is replaced by GFRP powder.
Nevertheless, Correia et al. [52] found that substituting 20 vol% of sand with rGFRP powder
reduces splitting tensile strength by 47% due to the cylindrical shape of rGFRP particles,

creating weaker bonds within the matrix.

Yazdanbakhsh et al. [64] reported that replacing 40 and 100 vol% of natural aggregates
with round GFRP recyclates (produced from rebar) reduces concrete tensile strength by up to
35%. In contrast, Yazdanbakhsh et al. [65] found that using GFRP rod-shape needles (100 mm

length) to replace 10 vol% coarse aggregates can improve concrete tensile strength by more
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than 30%. This is because compared to the round GFRP recyclates, stronger connections
between GFRP rod-shaped needles and concrete were observed. Nevertheless, incorporating
GFRP plain and grooved needles negatively affected splitting tensile strength, which was
related to the transversely-oriented glass fibres in the needles, and the small cross sections of

the grooved needles [22].
Modulus of elasticity

Replacing 5 to 20 vol% of fine aggregates with rGFRP powder reduces 28 days elastic
modulus by 3% to 50% [52, 66], while utilising low dosage (1.5 and 3% of the total mass) of
rGFRP rod-shaped needles or aggregates shows no significant influence on the elastic modulus
of concrete [65]. However, when 3% (by the total mass) grooved and plain needles were added

to the concrete, the modulus of elasticity was increased by 12.5% [22].

Corinaldesi [67] conducted ultrasound pulse velocity (UPV) measurements and reported
that the dynamic modulus of elasticity decreases with replacing limestone powder with rGFRP
powder. Farinha et al. [15] investigated the deformability of the concrete with GFRP waste and
found that lowering w/c ratio and increasing GFRP waste content can slightly increase modulus
of elasticity. More compact mortar shows a higher elasticity modulus due to the filler effect.
Mastali et al. [49] investigated the impact of the rGF content and fibre length on the porosity of
the mixture using UPV measurements. They demonstrated that the velocity decreases as GFRP
content and fibre length increase, indicating higher porosity of the mixture. This effect should

be considered in combination with the bridging effect, which prevents crack propagation.
Toughness and impact resistance

Toughness is an indicator of the energy absorbed under stress, commonly calculated by
the area under the load-deflection curves. Increasing the amount and size of rGFRP in concrete
can improve the toughness. Mastali et al. [49] observed that increasing rGF from 0 to 2 vol%
and fibre lengths from 10 to 30 mm gradually improves residual strength and absorbed energy.
Rodin 111 et al. [57] reported the same trend and showed that the toughness of the concrete
specimens with rGFRP was higher than the controlled samples. The toughness index of large-
sized rGFRP was the highest, and higher rGFRP content led to greater toughness indices.
Moreover, rtGFRP needles had a significant influence on toughness despite most of the fibres
in needles were transversely aligned [22]. The energy absorption by the concrete was increased
from 1.2J (control concrete) to 33.3J (incorporating 10 % plain needles). Overall, the utilisation

of GFRP recyclates in concrete/mortar contributed to the reduction of crack propagation and
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crack bridging [22, 57]. Zhou et al. [21] indicated that the toughness of mortar could be further
improved by enhancing the I/w ratio and fibre length uniformity of rGF.

The drop weight impact test was conducted to evaluate the impact resistance of concrete
[48, 49]. The first and ultimate impact resistance of specimens as well as the number of post-
initial crack blows (INPB) increased as the rGF content and length increased, and the rate of
growth increased when the fibre volume fraction exceeded 1.5%. With higher dosage of rGF,
more rGF will participate in the bridging action, resulting in formation of smaller but multiple

cracks near the surface of concrete [49].

2.2.4.3 Durability perspective

In this section, the durability of concrete with rGFRP will be discussed through
investigating the impact of rGFRP on the porosity, alkali-silica reaction, drying shrinkage and

water absorption of hardened concrete.
Hardened density and Porosity

The relationship between hardened density and the content of rGFRP is shown in Figure
2-4 (a). When the replacement percentage of fine aggregates with rGFRP powder increases, the
density of the concrete decreases due to the lower density of GFRP waste compared with the
density of fine aggregates and an increase in the porosity [53, 54, 57, 60]. Nonetheless, greater
GFRP powder content (e.g. 20 wt% fine aggregate replacement) can lead to higher hardened
density due to filler effect [15]. Asokan et al. [60] also reported that the density can increase by
15% compared to controlled concrete when 5wt% additional rGF with 20mm length was
incorporated. This might be attributed to the higher density of glass fibre, which increases the
density of the concrete. Furthermore, it is shown that utilising SP has a positive influence on
hardened density. The 2% SP could enhance the compactness of mixture, thus increasing the

density of concrete containing rGFRP powder [62].

Porosity has a direct impact on the mechanical and durability properties of concrete. The
results of the porosimetry test indicate that replacing 0 to 10wt% of fine aggregates with rGFRP
powder increases the total porosity of the concrete from 16 to 21%, respectively, lowering
compressive strength [61]. With incorporation of rGFRP powder, the average pore size
decreases but the pore size distribution increases, due to the air entrapment (larger voids) and
filler effect (small voids). Oliveira et al. [53] also reported the same trend that when GFRP
waste increases from 7.5% to 37.5 wt%, the voids increase linearly from 27% to 47 %,

respectively. Farinha et al. [15] observed that the open porosity decreases with up to 15 vol%
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rGFRP incorporation, then increases with higher rGFRP content, which was explained by the
filler effect and the inter-particle voids generated by rGFRP powder. Moreover, Zhou et al. [21]
found that the incorporation of rGF reduces total pore volume. Incorporating small-sized rGF
increases the number of large pores (> 0.5 mm) in the concrete, leading to reduction of

compressive strength.
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Figure 2-4. The effect of rGFRP content on: (a) hardened density, (b) capillary absorption
coefficient, and (c) total water absorption of concrete.

Alkali-silica reaction

Alkali-silica reaction (ASR) is known as the chemical reaction between highly alkaline
cement paste and amorphous silica in aggregates. It has been reported that ASR can be
promoted by using waste glass in concrete [59, 68, 69]. Research has demonstrated that the
ASR expansion for the concrete with rGFRP is below the recommended limit in the standards
[47, 57, 70]. This is attributed to the good durability of resin coating, which encloses the glass

fibres and protects the fibres from ASR effect [57]. In general, it can be said that incorporating
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small amount of rGFRP powder and rGF (up to about 4% of total mass) do not have notable
influence on the ASR expansion in concrete. However, there is still lack of data in this area and
further research is required to comprehensively investigate the impact of rGFRP incorporation
on ASR in concrete by considering different types and sizes of GFRP waste and testing

durations.
Drying Shrinkage

Drying shrinkage occurs when concrete loses capillary water, which can be measured by
drying shrinkage test. The addition of GFRP recyclates in concrete showed a positive effect on
preventing drying shrinkage. Drying shrinkage reduces remarkably (up to 50%) when rGFRP
powder is added to the mix [55, 66, 67]. Similarly, Garcia et al. [47] reported that incorporating
rGF can result in less shrinkage while no cracks were observed in the specimens after 28 days.
Asokan et al. [62] argued that rGFRP incorporation has no or little influence on drying
shrinkage while Dehghan et al. [70] showed that the shrinkage value of concrete specimens
with rGF slightly exceeds that of controlled samples. This may be attributed to higher porosity

and lower stiffness of rGF, resulting in less resistance to shrinkage.
Water absorption

The results from the water absorption test show that the water absorption of the
concrete/mortar can be reduced by the incorporation of GFRP recyclates, as shown in Figure
2-4 (b and c). In this figure, the capillary absorption coefficient refers to the rate of initial water
absorption (up to the first 30 minutes) and total water absorption is defined as the amount of
water absorbed over the immersion duration [55]. During the initial water absorption, the larger
capillary pores are more likely to be filled first. The application of around 20wt% rGFRP
powder effectively reduces the capillary absorption coefficient by up to 80% compared to plain
concrete, see Figure 2-4 (b) [15, 55, 61, 62]. This is attributed to the reduction of the large voids
and the non-sorption property of GFRP that slows down the propagation of the imbibition front
[55, 61]. It is worthwhile to mention that the relative capillary absorption coefficient can slightly
increase with a higher content of rGFRP due to the higher total porosity of mortars with GFRP
waste [61].

Partial replacement of 5wt% fine aggregate with rGFRP significantly reduces total water
absorption up to 90%, see Figure 2-4 (c) [55, 61, 62]. Nevertheless, the total water absorption
can increase at higher dosage of rGFRP. Concrete with replacement of 20wt% fine aggregate

with rGFRP powder shows a similar water absorption as a plain concrete, which is attributed
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to the total pore volume. Although rGFRP particles can fill large voids between aggregates, the
particles probably form smaller voids among themselves at larger dosages, resulting in an

increased total water absorption.

2.2.5 Cost benefit and life cycle analyses

Currently, most of GFRP waste composites are disposed of in landfill or incinerated. With
growing concerns about environmental impact of conventional landfilling/incineration, various
recycling methods have been developed to reuse GFRP composites. Landfill is listed at the
bottom of the waste hierarchy based on the UN Sustainable Development Goals [71]. Moreover,
traditional waste treatment methods are being increasingly restricted and banned by the
governments around the world. For example, Germany, the Netherlands, Austria and Finland

have already prohibited the disposal of composite waste in landfills [13, 40].

One of typical repurposing approaches, incorporation of GFRP waste in concrete not only
uses waste materials for production of new structures but also saves energy and decreases the
environmental impact of concrete by substituting concrete ingredients. Typically, mechanical
treatment is required before integrating GFRP waste in concrete to reduce the size of the waste.
Compared to incineration, mechanical recycling reduces primary energy consumption and
greenhouse gas emissions substantially, however it requires extensive regulatory support to be
practicable [72]. As a low-cost recycling process, mechanical recycling also uses much less
energy than other recycling methods, such as chemical recycling and pyrolysis [13]. Using
GFRP waste in concrete reduces environmental impact of the concrete manufacturing process.
For instance, fine aggregates are extracted from riverbeds, which is a non-sustainable approach
[53, 58]. Therefore, incorporating GFRP recyclates into concrete has the potential to improve
sustainability. To investigate the potential of waste treatments of GFRP composites, a detailed
cost-benefit analysis (CBA) on four major GFRP recycling methods was performed in this

study.

CBA investigates the economic activities and feasibility of the project and provides a
basis for comparing the total expected cost of each recycling option with its total expected
benefits during the lifetime of a project. The aim of this analysis is to compare the investment
risk, as well as short- and long-term profits for business decision making. In this investigation,
the capacity of recycling plants corresponding to each fibre reclamation technique was designed
based on the optimum expected recycling function with an annual capacity of 6,000, 4,000,

4,000, 2,000, 1,500 tonne per year for landfill, mechanical recovery, incorporation in concrete
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(repurposing), pyrolysis and fluidised bed, respectively. It was assumed that two recycling
factories, one located in east coast in New South Wales (NSW) and one in west coast in Western
Australia (WA), can provide sufficient recycling plants across Australia. A classical period of

10 years was selected here for evaluating economic feasibility.

Cost analysis was carried out based on capital investment and ongoing expenditure (also
known as operational cost). Capital costs are fixed and one-time investment for setting up the
recycling plant and material required for starting the operation. These costs include equipment
purchase (C1), industrial land rental/purchase (C2) and building preparation and raw material
collection (C3). The project with lower capital cost is preferable by small and/or medium
companies as it minimises the initial risk for investing in recycling project. Operational cost is
related to daily cash flow for supporting continuous waste treatment process. This value is sum
of operating and non-operating labour cost (C4), equipment maintenance charges (C5), waste
pre-processing cost (C6), waste post-processing cost (C7), supplies (C8) and other cost related
to material transportation (C9). In this study, the operational cost of landfill is considered as
AUS$ 101.5 per tonne based on values stated in the [42] and the assumption of 50% landfilling
in urban area and 50% in rural area. The effect of recycling capacity was also considered for
the operational cost analysis. It was assumed that if the amount of intake FRP waste is over
defined annual capacity, the extra waste will be landfilled and subsequently considered as part
of post waste treatment cost. It was assumed that operating personnel required for operation of
mechanical, incorporation in concrete, catalytic pyrolysis and fluidised bed are 2, 2, 4 and 3

respectively.

Figure 2-5 (a) shows results of cost divisions for landfill, mechanical recycling,
incorporation in concrete, catalytic pyrolysis and fluidised bed. Operating and non-operating
labour, waste pre-processing and post-processing cost are the main expenditures required for
remanufacturing of recycled products over 10 years. It demonstrates that capital investment (the
sum of C1, C2 and C3) forms a significant proportion of the total expenditure required for
crushing and milling process of both mechanical recycling and incorporation in concrete
methods. In comparison, fluidised bed and catalytic pyrolysis require less initial one-time
expenditure but higher investment for supporting daily operations. Figure 2-5 (b) shows the
total costs over 10 years of investment period. Mechanical recycling, incorporation in concrete
and fluidised bed methods have roughly similar cost for treating GFRP waste while catalytic

pyrolysis is relatively more expensive due to its high electrical energy consumption.
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Benefit relates to the economic value of recycled fibres/FRP powder, profits from
recovered energy and secondary products and expenditure reduction by reducing the amount of
landfill. Since the landfill is fully operated by the government, no capital investment and benefit
were considered for this treatment method. Mechanical recycling, fluidised bed and catalytic
pyrolysis can partially or wholly remove matrix covering the fibres and produce reusable loose
recycled fibres, while incorporation in concrete approach mechanically reduces the size of
GFRP waste by milling and crushing, producing different shapes of rGFRP for the use in
concrete. Therefore, economic benefit value of recycled products is determined based on their
potential future use. Based on Dong et al. [73]’s research, the estimated economic value of
recycled GF for fibre manufacturing and reprocessed GFRP used in concrete were assumed as
AU$390/tonne and AU$ 476.25/tonne, respectively. For the benefit analysis of incorporation
in concrete, it was assumed that the weight loss due to matrix removal from GFRP is negligible
since both matrix and fibre could be used in concrete. The additional benefit associated with
financial savings via reducing the amount of GFRP landfill is also considered in this analysis.
Figure 2-5 (c) shows that thermal recycling methods (i.e. catalytic pyrolysis and fluidised bed)
have higher benefits since they can produce secondary chemical products and also allow
recovery of energy during the heating process. The total benefit values of mechanical method
and incorporation in concrete are nearly the same. Incorporation in concrete, on the other side,

is more profitable due to its high productivity and additional value of remaining matrix.

Net profit is sum of total benefits minus costs and taxes. A social benefit of 7% and profit
tax of 30% for recycling path was considered in the calculations. Figure 2-5 (d) shows the
summary of CBA results for different GFRP waste treatment methods. It reveals that landfill
and mechanical recovery cannot provide positive cash flow since their net profits are negative
over study period. The difference between net profit of mechanical method (using waste
composites for manufacturing of new products with lower mechanical properties) and
incorporation in concrete approach (using waste composites as aggregate and filler replacement
in the concrete) demonstrates the importance of recycling pathway, application and
characteristics of the final recycled product on waste management performance. In general,
reclaiming loose fibre from waste can lead to higher benefit due to a greater market value. By
comparing two thermal recycling techniques, pyrolysis shows better return on investment than

fluidised bed since energy and secondary gas products can be recovered with pyrolysis method.

The Benefit Cost Ratio (BCR) is a numeral value that indicates relationship between the

matching costs and expected benefits for a defined waste treatment method. An investment with
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a BCR greater than 1.0 means that the project could result in a positive net present value, i.e.
the corresponding waste treatment is profitable. If BCR is less or equal to 1.0, the project will
result in unprofitable actions and the expectation of investment cannot be met. Higher BCR
shows a greater economic efficiency ratio of investment, i.e. more profit earned for per dollar
expenditure. Figure 2-5 (e) demonstrates that incorporation in concrete, pyrolysis and fluidised
bed have a BCR greater than 1.0 and the project could result in a positive net present value at
the end of 10 years, while mechanical recovery and landfill are not profitable over this defined
life cycle. This highlights the significant impact of economic value of recycled products on

capital investment of recycling methods and designed life cycle duration.
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Figure 2-5. Cost-benefit analysis for different GFRP waste treatments: (a) cost divisions, (b)

total investment over 10 years, (c) benefit analysis, (d) total cost, benefit and net profit
expected per year, and (e) BCR for different GFRP waste treatment methods.
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Cost-benefit analysis provides the indication of financial behaviour of each recycling
method, while life cycle analysis aims to evaluate the environmental and social impacts of
different FRP waste treatment pathways. In this paper, CML 2001 methodology [74] was
adopted to determine possible influencers of energy consumption over FRP life cycle.
According to the data provided in the literature [18, 30, 75-79], two main indicators were
considered for energy consumption assessment, which were cumulative energy demand (CED)
and non-renewable energy use (NREU). Cumulative energy demand was calculated based on
the total energy involved from the beginning of fibre manufacturing to the end of rFRP
application. These energies can be sourced from either/both renewable and non-renewable
resources. Renewable energies have negligible impacts on environment, while high non-
renewable energy consumption, such as oil, coal and gas, could result in air pollution and energy
exploitation. Hence, the NREU analysis has become a significant indicator in environmental
analysis. The values of renewable energy sources, electricity or heat power supply for methods
that are yet to be commercialised (e.g. pyrolysis and fluidised bed) were defined based on
current lab scale operating temperature and period per kilogram of sample waste. The energy
consumption analysis for each method is presented in Figure 2-6. Results show that landfill
requires less total energy input but more non-renewable energy than pyrolysis and fluidised
bed. This also reveals that thermal recycling methods are highly dependent on renewable energy
supply. Mechanical recycling requires higher energy (approximately 25.57 MJ/kg) than
catalytic pyrolysis and fluidised bed.
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® Process CED (MI/kg) 0.26 25.57 16.40 18.85
M Electrical 0.00 19.11 15.58 16.79
H Non-renewable energy use (NREU) 0.26 6.46 0.17 0.19
H Chemical reaction 0.00 0.00 0.79 1.85
B Remaining process 0.00 0.09 0.17 0.19

Figure 2-6. Cumulative energy demand for different FRP waste treatment methods.
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2.2.6 Summary of key findings from Section 2.2

Recycling of GFRP composite as a construction material is a potential approach to reduce

the volume of composite waste disposed of in landfill or incinerated. Repurposing rGFRP in

concrete is an effective and environmentally friendly approach to reduce the use of natural

resources and process-related costs. In this research, the use of GFRP wastes in concrete was

investigated and the effects of different dosage of GFRP recyclates with various replacement

forms and sizes were analysed and discussed. Based on the presented analysis, the following

conclusions and recommendations can be drawn:

The effect of rGFRP on the fresh properties of concrete is associated with its
morphology, size and the dosage of GFRP recyclates in concrete. The round shape of
rGFRP particles with low roughness improves workability, while the high specific
surface area of rGFRP particles increases water consumption. Higher GFRP fibrous
recyclate content and longer fibre could reduce workability due to higher possibility of

the fibre conglomeration.

The effect of rGFRP on concrete mechanical strength is associated with the waste
component (fibre or resin rich) and physical properties (shape, density, and
hydrophilicity) of GFRP recyclates, as well as the incorporated volume in concrete. The
filler effect combined with the pozzolanic reaction can improve interfacial and
subsequently mechanical strength of concrete. Addition of rGFRP Needles to the
concrete can potentially enhance the mechanical strength, depending on the shape of
rGFRP and orientation of fibres in the composite. The maximum compressive strength

is observed when 20wt% of fine aggregate was replaced with rGFRP powdered waste.

The resin coating and angular shape of rGF provide extra slip resistance and improves
the bonding. The reinforcing effect of rGF also limits crack propagation and
significantly improves flexural strength. Around 50% improvement in flexural strength
can be observed by addition of 2% (by the total weight) rGF. It is recommended that
dimensions of rGF be limited to 6 to 20mm in length and a I/w ratio greater than 6. The

incorporation of GFRP recyclates in concrete/mortar leads to higher toughness.

Porosity decreases with lower rGFRP powder content, then increases with higher
rGFRP content. This is due to filler effect and inter-particle voids generated by rGFRP
particles. Although incorporating rGF reduces total pore volume, small-sized rGF

increases the quantity of large pores, thus reducing compressive strength. The water

Chapter 2: Literature Review 37



absorption of the concrete/mortar can be reduced by the incorporation of GFRP

recyclates.

e The addition of GFRP recyclates in concrete does not significantly impact drying
shrinkage. Small amount of rGFRP recyclates (up to about 4% of total mass) also does
not influence ASR expansion. However, further investigation is recommended study the
impact of different types and sizes of rGFRP waste on the ASR expansion. While
mechanical strength such as compression, flexural and tensile strengths are understood,
limited research has been conducted on modulus of elasticity, impact resistance and
abrasion resistance. Further research is also required to comprehensively analyse the
effect of rGFRP on durability of concrete/mortar. While some durability aspects
(shrinkage, water absorption and ASR expansion) have been previously investigated,
the performance of concrete containing rGFRP exposed to aggressive environments
such as acid attack, carbonation and marine environment (chloride ingress) has not been

examined.

e In practice, FRP composite parts are mostly made of combination of different FRP
materials which makes it difficult to separate them. Hence, it is necessary to investigate
the effect of repurposing hybrid composites on the performance of the concrete. In
addition, further studies are required to focus on the combined usage of rGFRP powder
and recycled glass fibre (rGF).

e Due to the market need, high value of recovered short fibre, and energy recovery,
catalytic pyrolysis and fluidised bed result in higher overall net benefit, whereas landfill
and mechanical recycling have no economic efficiency of investment at the end of 10
years. Based on the results of CBA and BCR analyses, repurposing can reduce the total

required investment and generate a positive cashflow.

e Life cycle analysis indicated that the mechanical recycling of FRP requires more energy
input (both renewable and non-renewable) than pyrolysis and fluidised bed, while

landfill should be avoided as it only consumes the non-renewable energy.

With the increasing need for sustainable waste treatment methods, the information
presented in this chapter can serve as a useful guide for industries and organisations seeking to
recycle FRP composites in cementitious materials. Moreover, the study emphasises the
significance of durability aspects of rGFRP-reinforced concrete, which requires further

investigation in future research. Additionally, it should be noted that FRP composite parts are
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often fabricated in hybrid formats, which may include different types of fibres (e.g., glass,
carbon, etc.). The incorporation of these waste composites in concrete also warrants further

investigation.
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2.2.7 Appendix 2-A

Table A1 Summary of repurposing GFRP waste in the literature.
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2.3 REPURPOSING CFRP COMPOSITE WASTES INTO CC

CFRP composites, composed of CFs as the reinforcing element bonded with a matrix, are
among the most advanced composite materials used in modern industry, particularly in high-
grade applications. They offer excellent performance characteristics, combining high strength
with lightweight properties. Notably, CFRP composites can achieve mechanical properties
comparable to those of aluminium while reducing mass by approximately 40 percent [80]. Their
outstanding performance has led to widespread use across various industries. In particular, the
aerospace and automotive sectors account for 36% and 24% of global CFRP demand
respectively, representing the highest shares of global CFRP consumption [81]. Additionally,
they are increasingly utilised in the renewable energy and sports leisure industries. However,
the overwhelming demand for CFRP composites has resulted in a substantial volume of waste.
A major contributor to this waste is the CFRP expected to be generated from the EoL
commercial aircraft, the projections estimating that 6000 to 8000 aircraft will retire by 2030
[81, 82]. Although the current usage of CFRP in wind turbine blades is lower than that of GFRP,
the increasing adoption of CFRP in the wind industry raises concerns about EoL waste disposal

challenges in this sector [83].

In response to these challenges posed by the accumulation of CFRP composite waste from
various industries, researchers have proposed several recycling strategies aimed at achieving a
closed-loop life cycle for CFRP materials. Section 2.3.1 reviews various recycling methods for
CFRP composites. The higher price of CFs economically justifies the costly recycling methods
for CFRP composites [83]. Moreover, ongoing research focuses on developing cost-effective
and environmentally sustainable recycling technologies for CF recovery, aiming to enable
large-scale commercial implementation. With the advancement of modern civil engineering,
the incorporation of discrete CFs in CCs has garnered interest in enhancing both mechanical
and electrical properties. The use of short fibres in cementitious materials originated in the early
1900s, paving the way for the development of fibre-reinforced concrete [84]. In recent years,
there has been a growing emphasis on sustainable practices, with increasing attention on the
use of recycled materials in place of virgin materials within the construction sector. Utilising
rCFs to replace vCFs in CCs can reduce costs by up to 40 percent [81]. To provide a better
understanding of the performance of CCs with recycled CFRP, Section 2.3.2 discusses the
effects of different forms of rCF/rCFRP on the properties of these composites. Meanwhile,
integrating highly conductive materials into a cementitious matrix has shown promising

potential to enhance the conductivity of CC. This enhancement is achieved through the
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formation of a conductive network within the composite structure [85-89]. This unique
characteristic facilitates self-sensing capabilities, presenting an attractive strategy for
monitoring the real-time health state of structures. In this context, Section 2.3.3 introduces
cement-based sensors for Structural Health Monitoring (SHM) and reviews their performance

incorporating CFs.

2.3.1 Recycling strategies for CFRP composite

Section 2.2.3 has provided an overview of recycling methods for FRP composites. This
section focuses specifically on recycling strategies for CFRP composites in more detail,
including the most employed industrial methods and recent advancements in these techniques.

Although the majority of CFRP waste has been processed through landfills and
incineration over the past few decades due to their low cost and large capacity, these methods
are not recognised as beneficial disposal operations. These methods neither recover waste
materials for new product manufacturing nor contribute to sustainability objectives. Nowadays,
the European Commission and some European countries have pioneered legislation to ban or
add taxes on landfilling to minimise its negative environmental impact [20, 90]. These measures
encourage industries to seek sustainable and more efficient methods for disposing of CFRP

waste, making them commercially viable.

Among the main recycling approaches - mechanical, thermal and chemical recycling,
pyrolysis is identified as the predominately viable method for CF recovery. Although pyrolysis
requires high temperature and a substantial amount of input energy to decompose the thermoset
composites, its environmental impact and energy consumption are lower compared to the
energy-intensive vCF production [16, 91]. CBA conducted across Australian and European
markets indicated that pyrolysis-based recycling methods for CFRP composites provide high
economic returns, particularly in the European market [16]. Moreover, pyrolysis, when
conducted under controlled conditions, can produce clean, high-quality CFs that retain
approximately 50 to 85 % of the mechanical strength of vCFs [20, 90, 92]. rCF can even achieve
better mechanical properties, retaining over 90% of their original vCF mechanical strength with
optimised processing or post-oxidation treatments [91, 92]. The optimisation process conducted
by Hadigheh et al. [93] revealed that the pyrolysis at temperatures up to 425°C followed by
oxidation up to 550°C, results in rCFs with minimum surface damage. This two-step process
not only produced clean recyclates but also enhanced efficiency and cost-effectiveness. The

same research group subsequently optimised parameters for the pyrolysis and oxidation
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processes, including gaseous atmosphere, heating rate and duration of isothermal holding to
enhance the quality of rCF while reducing the energy consumption [94]. Furthermore, Wei and
Hadigheh [95] developed an innovative hybrid method that incorporated a chemical pre-
treatment prior to the pyrolysis thermal degradation of CFRP composites. The optimal recycling
procedure they proposed involved pre-solvolysis with acetic acid at 100°C, followed by
pyrolysis and oxidation. The mechanical strength of rCFs subjected to this pre-treatment was
maintained up to 90.53% of their virgin state, significantly improving their properties compared
to those treated solely by thermal degradation. Additionally, they successfully applied this
developed approach to recycle a commercial bicycle fork. Other advancements in this field
enhance the efficiency and performance of the pyrolysis process through methods such as
pyrolysis with superheated steam [96] and microwave pyrolysis [97]. Pyrolysis of CFRP
composite waste has been developed into industrial-scale operations in recent years, with
recycling companies located across Europe, America and Japan [20, 83]. The fibres recycled
from pyrolysis are remanufactured with a thermoplastic matrix to create new composite
products for automotive and marine sector applications [83]. According to a review study
conducted by Zhang et al. [20], pyrolysis is the predominant technique used by recycling

companies, with processing capacities of up to 2,000 tonnes per year.

In contrast to thermal degradation at elevated temperatures, chemical recycling employs
various reactive solvents to decompose the polymer matrix at lower operating temperatures.
Among recycling methods, solvolysis using supercritical or subcritical solvent produces rCFs
with the highest mechanical properties (with no loss in strength), though these approaches
require higher energy input and operational costs [20, 90, 92]. Low-temperature solvolysis (less
than 200°C) further minimises damage to the rCF surfaces during recovery but it requires a
longer processing time [20]. It is well known that the primary advantage of solvolysis
techniques for recycling CFRP composites is their capability to reclaim cleaner and longer
rCFs, while maintaining the integrity of the fibre structure, including woven fabric
configurations [83]. Nevertheless, the solvents utilised in solvolysis may lead to environmental
pollution through the generation of waste liquids [95]. In response, ongoing research is aiming
at developing efficient and environmentally friendly alternatives to enhance sustainability,
which include greener chemical solutions and operation processes that require minimum
thermal and energy inputs [98, 99]. Knappich et al. [100] investigated solvent-based recycling
of CFRPs with various matrices under subcritical conditions. Their process achieved both high

CF strength retention and high solvent recovery rates of up to 99% at small scales. Thus, this
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demonstrated the viability of a closed-loop system where solvents maintained their dissolving
properties across multiple cycles and recycled successfully, eliminating the environmental
discharge of waste solvents. On another hand, the cost of this process is a major concern, as it
requires specialised facilities capable of operating under specific temperatures and pressures,
often in corrosive environments [91]. However, this technique remains viable for CFRP
composite due to the high value and demand for CFs in high-ended applications, which justifies
the investment. Conversely, it limits the feasibility of applying this method to GFRP composites

on a large scale [83].

Mechanical recycling is a simple, cost-effective and environmentally friendly way to
produce recyclates. Similar to pyrolysis, mechanical processing also shows significant potential
for use in industrial-scale applications. Although past studies have demonstrated economic and
environmental viability, the process produces low-grade fibres, restricting their reusability in
manufacturing new FRP composites. As mentioned, mechanical recycling is more suitable for
GFRP composites but less ideal for CFRP materials, particularly when considering composite
remanufacturing. This is primarily due to the high cost of CF reinforcements, making it crucial
to preserve their properties for economic reasons. The limited potential applications of
mechanically recycled CFs also pose a significant challenge to justifying this recycling method
[91]. Therefore, new applications specifically designed for mechanically recycled CFRP
composites must be developed to enhance the feasibility of this approach. The initial attempt to
utilise CFRP recyclates obtained through mechanical recycling demonstrated their effective
incorporation into the design of new sheet moulding compounds (SMCs) as fibrous
reinforcement [101]. Subsequent studies have also explored incorporating powdered CFRP
waste into different composite systems and demonstrated their improved performance [20, 102,
103]. Researchers have also increasingly focused on incorporating mechanically recycled
CFRP waste into CCs. This alternative repurposing method offers a practical solution for
handling large quantities of CFRP waste that would otherwise end up in landfills [83]. In
addition, it also promotes sustainable construction practices, contributing to the advancement
of green building technology [84]. Integrating rCFs into cementitious materials can reduce costs
by up to 40% while facilitating the development of multifunctional cement-based materials
[104]. Additionally, rCFs also have the potential to enhance the mechanical performance of
CCs due to their rough surface, which improves bonding with the surrounding cement matrix
[105]. Conversely, it is argued that conventional mechanical recycling cannot fully remove the

polymer matrix from the rCFs, which negatively affects mechanical and electrical properties of
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FRCCs. This leads to several critical challenges when incorporating rCFs into CCs, including:
(i) inadequate fibre dispersion in cement paste due to poor surface wettability; (ii) fibre
agglomeration within the matrix, leading to reduced workability; and (iii) insufficient
interfacial adhesion between the rCFs and the cementitious matrix. Therefore, additional
processing for surface modification is necessary to improve the properties of such CCs [104,
106]. To expand knowledge on CCs with various CFRP recyclates and to provide an
understanding of their multifunctionality, the following sections explore the incorporation of
different types of rCFRP wastes into concrete/ mortar, their impact on properties, and the

development of cement-based sensors using these recyclates.

2.3.2 Effect of rCF/rCFRP on properties of CC

Over the past decade, efforts have been made to incorporate different CFRP wastes into
cementitious matrices, primarily sourced from the aerospace and wind energy sectors or
recycling facilities, to investigate their potential for enhancing the performance of CCs. The
majority of these studies have utilised CFRP waste that underwent only mechanical processing
for incorporation into concrete/ cement mortar. The process and recyclates can be classified
into: (i) shredded or milled CFRP EoL wastes, composed of CFs and polymer matrix [107-
109], (ii) CF wastes cut from pre-impregnated CF sheets, composed of CFs and adhesive resin
[84, 109], and (iii) CFs extracted from CF yarns or sheets [43, 109]. Examples of mechanically
processed CFRP recyclates are presented in Figure 2-7. These recyclates were added as
additional reinforcement or aggregate replacement at relatively low dosages (up to 2% by
volume or 3% of cement weight) and they demonstrated improvements in various concrete/
mortar properties including compressive and flexural strength, fracture toughness, splitting
tensile strength, shrinkage resistance, and durability. These enhancements are primarily
attributed to the load-transfer mechanisms facilitated by the bond between the recyclates and
matrix, which will be discussed in detail in Section 2.4.1.

Chapter 2: Literature Review 53



Pre-impregnated carbon cloth offcuts rCFs extracted from carbon yarns

Figure 2-7. Photographs of mechanically recycled CFRP wastes [84, 108, 109].

Mechanical recycling can further process recyclates from other recycling methods before
their incorporation into CCs. Akbar and Liew [105] incorporated milled rCFs claimed through
the pyrolysis technique into cement-based materials. The milled short rCFs had an average
length of 95.4 pum with sizing removed and minimal polymer resin residue, allowing easy
dispersion in the mix (Figure 2-8). At 1% rCF volume content, the CCs showed significant
improvements: a 57% increase in elastic modulus and a 188% enhancement in splitting tensile
strength. The roughness on the rCF surface provided a stronger interlocking function to the
matrix, resulting in a 325% increase in fracture toughness compared to plain cement paste.
Microstructural analysis conducted by the same research group [81] also revealed that
pyrolysis-derived rCFs promoted hydration product growth by providing inert nucleation sites.
At 1.5% rCF volume content, the degree of hydration and chemically bound water in CCs

increased by 6.64% and 1.59%, respectively.

Figure 2-8. Milled pyrolysis rCFs [105].
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Chemical treatments combined with mechanical processing have been explored to
enhance the performance of CCs incorporating rCFs. Wang et al. [106] treated rCFs with
saturated pore solutions or montmorillonite nanoclay emulsion, improving both mechanical
properties and chemical adhesion to cementitious mortar. Li et al. [110] conducted a two-step
chemical recycling process utilising hydrogen peroxide, resulting in tightly bonded hydrated
products on the rCFs after debonding. These highly depolymerised rCFs demonstrated
enhanced cement matrix interaction and improved reinforcing effects. In recent work, Wang et
al. [104] investigated different chemical treatments to enhance rCF surface roughness and
oxygen-containing functional groups, with alkali neutralisation showing the most promising
results. These chemically treated rCFs not only improved workability and flexural strength but
also increased the electrical conductivity of CCs by approximately 40%. An example of a
graphic representation of the incorporation of chemically treated CFRP waste in CCs is shown

in the figure below.
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Figure 2-9. Graphic representation of incorporation of chemically treated CFRP waste in CCs
[110].

In addition to these recent experimental investigations, recent review studies by Danish
et al. [82] and Wang et al. [111] have systematically examined the application of various forms
of CFRP waste in cement-based materials. These studies discuss the influences of rCFRP/rCF
on the engineering properties of concrete/mortar including workability, compressive, tensile
and flexural strength, providing a comprehensive summary and analysis. Wang et al. [111]
studied three critical factors that govern the mechanical performance of CCs containing
recycled CFRP materials, which are the shape, content and surface treatment of CFRP
recyclates. CFRP waste is mostly recycled into CCs as strips or fibrous forms to provide a
bridging effect. However, large sizes of CFRP recyclates can adversely affect the fluidity of

fresh concrete/mortar. In contrast, waste carbon powder promotes even distribution and
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enhances flexural strength, though it may reduce compressive strength. The most commonly
studied incorporation content ranges from 0.5% to 2% by volume. The excessive incorporation
of recyclates has been shown to impede the enhancement of the mechanical properties of CCs.
Based on Danish et al. [82]’s review, several conclusions can be summarised as follows: (i)
Higher dosages of rCFRP pieces or rCF adversely affect the workability of concrete/mortar,
attributable to the agglomeration of recyclates and fibre balling effect. Through the literature
review, the recommended dosage considering workability is 0.25%. (ii) The effects of rCFRP
on the compressive properties of concrete/mortar are varied. Compressive strength can be
enhanced by incorporating rCFRP or rCF, which reduces the possibility of crack propagation.
Nevertheless, epoxy resin residue on the waste can negatively impact strength. (iii) In general,
rCFRP-incorporated concrete/mortar exhibits increased tensile and flexural performance,
which is attributable to improved interfacial bond strength and fracture delay ability. Usually,
the addition of 0.25 to 1% of recyclates positively influences the mechanical properties. (iv)
The use of rCFRP in concrete can substantially improve impact resistance. These summaries
provide insights from past studies, offering valuable conclusions and recommendations for
future research. They have given ongoing researchers a deeper understanding based on previous
cases. However, the effects of incorporating different types of CFRP waste may vary slightly
depending on the specific case and should be studied individually.

2.3.3 Cement-based sensors with CF and CFRP recyclates

SHM plays a critical role in ensuring the safety, reliability, and longevity of civil
infrastructure. It addresses the challenges posed by progressive degradation due to harsh
environments, repetitive stress, and unexpected loads such as seismic activity and heavy winds.
Through real-time monitoring capabilities, SHM enables early anomaly detection, thereby
reducing risks and enhancing structural performance. Over time, SHM techniques have evolved
from traditional strain gauges to advanced technologies such as fibre optic sensors and
electromechanical impedance [112, 113]. Conventional non-destructive testing (NDT) systems
rely on sensors integrated into structural components during construction. While effective, these
systems face limitations such as high costs, complex installation processes, and localised data
collection, which restrict their ability to monitor the entire structure comprehensively. While
traditional inspection methods remain common practice, they are less effective than
implementing comprehensive monitoring systems. Despite the clear benefits, no regular
monitoring techniques for concrete structures have been widely adopted, even in developed

nations where infrastructure management is a priority [114].
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The development of self-sensing concrete structures has gained significant attention
among researchers for SHM applications. This innovative approach has the potential to
overcome traditional monitoring limitations. Cement-based sensors represent a type of self-
sensing material that incorporates conductive fillers, forming conductive networks within CCs.
These materials function as inherent sensors, enabling structural monitoring without the need
for additional sensing devices. Such conductive CCs for this purpose are also known as intrinsic

self-sensing concrete, smart concrete, or piezoresistive concrete [115, 116].

2.3.3.1 Materials and fabrication

Cement-based self-sensing composites consist of three main components: conductive
fillers, matrix materials, and dispersion materials. While conventional cementitious materials
such as concrete, mortar, and cement paste serve as the matrix material forming the bulk of the
composite, they inherently possess high electrical resistivity and thus lack functional self-
sensing capability. The incorporation of conductive fillers therefore becomes crucial in the
development of cement-based sensors. Various carbon-based materials have been employed as
conductive fillers to enhance electrical properties, including CF [85, 86, 89], graphite powder
(GP) [117, 118], carbon nanotube (CNT) [119, 120], carbon nanofiber (CNF) [121, 122] and
carbon black (CB) [123-126]. The electrical conductivity of concrete, defined as its ability to
carry electric current, is influenced by multiple factors such as material composition and
moisture content. This conductivity operates through two distinct mechanisms: electrolytic
conduction, which occurs through mobile ionic species present when the binder is mixed with
water, and electronic conduction, which involves free electron mobility across conductive
phases [85, 86, 114]. As conductive fillers are progressively incorporated, the concrete's
conduction mechanism gradually transitions from electrolytic to electronic [114]. Among all
conductive materials, fibrous elements demonstrate improved sensing properties compared to
particulate fillers, as their ability to establish conductive networks within the matrix [112].
Additionally, the combined use of two or more conductive materials can potentially enhance
mechanical and electrical properties. Incorporating carbon nano-additives densifies the matrix
microstructure by filling the pores between hydration products, while fibrous carbon additives
improve reinforcement within the matrix. Among these conductive functional fillers, CF has
emerged as the most widely utilised fibrous material in previous research, owing to its
distinctive properties including outstanding strength-to-density ratio, high aspect ratio,
chemical stability, and preferred electrical conductivity [116]. As another component,

dispersion materials facilitate better distribution of conductive fillers. When incorporating
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fibrous conductive fillers, these materials help minimise agglomeration within the cementitious
matrix. Mineral additives such as fly ash and silica fume aid dispersion through their finer
particle sizes [116]. Chemical admixtures, such as tributyl phosphate and methylcellulose,
improve dispersion by modifying surface properties between conductive fillers and the matrix,

thereby enhancing the workability of the fresh mixture [112].

Mixing conductive fillers into fresh paste is an important step in the fabrication of CCs,
as the uniformity of this mixture directly affects both mechanical properties and sensing
behaviour of the cement-based sensors. The established three ways of mixing are presented in
Figure 2-10. The selection of an appropriate mixing sequence should be tailored to the specific
type of conductive filler used. A summary of recommended mixing processes for various filler
materials can be found in the review studies [116, 127]. Furthermore, when using multiple
conductive fillers, a combined mixing process is recommended to enhance overall
effectiveness. With respect to mixing methods, previous studies have identified two primary
types of dispersion techniques [116, 127]. The first category, known as physical or mechanical
methods, includes techniques such as mechanical stirring, high-speed mixing, and
ultrasonication, to effectively separate additive fillers. The second category, chemical
dispersion, utilises chemicals to alter the surface properties of fillers through covalent or non-
covalent interactions. The subsequent step in fabrication involves moulding and curing [116,
127]. Among various fabrication techniques, casting combined with external vibration to
minimise air bubbles is the most commonly employed method. Properly designed curing
conditions are crucial, as they affect the microstructure of CCs, including hydration products,
the interface between conductive fillers and the matrix, and the water content. These factors

will collectively influence the overall performance of the CCs.
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Figure 2-10. The mixing process for CCs fabrication [116].
2.3.3.2 Measurement and testing method

Several methodologies and guidelines have been established for measuring concrete
electrical resistivity. Han et al. [116] conducted a comprehensive review of six electrical
resistance measurement methods from existing literature, which differ in their electrode
materials, fixation methods, and layout configurations. The electrodes require high electrical
conductivity and stability in conductive properties, typically utilising metallic materials such as
steel and copper, configured in forms of plates, mesh, or rods. These electrodes can be either
surface-mounted (Figure 2-11 (a) and (b)) or embedded within the concrete during casting
(Figure 2-11 (c) to (f)). Practical implementation has revealed limitations of surface-mounted
electrodes, despite being the simplest method. These include susceptibility to debonding from
concrete structures, lower durability, and higher contact resistance [127]. The measurement
layouts primarily fall into two categories, which are two-probe (Figure 2-11 (a) and (c)) and
four-probe (Figure 2-11 (b), (d) to (f)) configurations. While the two-probe method offers
simplicity and straightforward implementation, the four-probe approach ensures higher
accuracy by eliminating contact resistance, which is the resistance at the electrode-concrete
interface [116].
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Figure 2-11. Electrical resistance measurement methods [116].
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Among these configurations, two methods are commonly used for laboratory-based NDT
of electrical resistivity: the bulk electrical resistivity measurement utilising two-point probe
configuration, and the surface resistivity measurement employing the Wenner array technique
with four-point probe arrangement [114, 128]. Commercial devices, such as Resipod [129], are
available for conducting resistivity measurements. The bulk resistivity measurement, also
known as the uniaxial method, involves positioning a cylindrical specimen between two
electrodes, with conductive foam inserts serving as electrical contacts at the electrode-concrete
interfaces. This technique determines the electrical conductivity by measuring the current flow
across all phases within the concrete specimen. The setup of bulk resistivity measurement is
presented in Figure 2-12. The resistivity (p) is determined using the measured voltage and

current, following Equation 2-1, derived from Ohm’s law:

VA
IL

where V is the measured voltage across the specimen, A is the cross-sectional area of the

2-1

specimen, | is the current passing through the specimen, and L is the length of the specimen.

The electrical resistance of the concrete specimen is determined by subtracting the
resistance of both foam inserts from the total measured resistance of the cylinder as Equation
2-2. The specimen resistance calculated is in the unit of kQ-cm. To convert the measured
resistance to bulk electrical resistivity, the geometric characteristics of the measurement
configuration must be taken into account. The bulk resistivity of the specimen is calculated

using Equation 2-3.

Rspecimen = Rmeasured - Rupper insert — Rlower insert 2-2
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where R is the true resistance, Ryeqsureq 1S the measured total resistance, and Ry per insert aNd

Riower insert are the measured resistances of the top and bottom inserts.

A % Rspecimen 2_3

pspecimen -1 2ra

where a is the equal spacing between adjacent electrodes.

Upper plate
Upper foam insert

Cylinder under test

Lower foam insert
Lower plate

Figure 2-12. Bulk resistivity measurement setup [129].

The four-point probe arrangement, also known as the Wenner array method, is commonly
used for field measurements. In this setup, four electrodes are placed in a linear array with equal
spacing between them. The outer two electrodes are used to impress current into the material,
while the inner two electrodes measure the resulting potential difference. When the electrodes

make contact with the surface, the resistivity (p) can be calculated using the Equation 2-4:

p= 211'IaV 2.4

where V is the potential difference measured between the inner electrodes, | is the current

flowing between the outer electrodes.

The standard AASHTO-T-358 [130] establishes a standardised methodology for
evaluating the surface electrical resistivity of water-saturated concrete specimens. The test
method requires a four-point Wenner array probe configuration to measure the resistivity of
cylindrical specimens with dimensions of either 200 mm x 100 mm or 300 mm x 150 mm
(length x diameter). The surface resistivity, measured in kQ-cm, serves as an indirect indicator

of the concrete's resistance to chloride ion penetration.

Chapter 2: Literature Review 61



,v”’/"’"\ () current applied

7 \* potential measured
*"\/_ )

under test

Figure 2-13. Surface resistivity measurement setup [129].

The geometric correction factor (k), which is unitless for surface measurement, is derived
from recent research that considers various cylinder geometries. This adaptation standardises
surface resistivity measurements across different sample dimensions while maintaining
consistency with the established AASHTO methodology. For more detailed procedural
specifications regarding measurements on various specimen geometries, researchers and
practitioners should refer to AASHTO T 358-15 standard and the methodologies established in
recent literature [114, 129, 130].
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where d is the cylinder specimen diameter, and a is the probe spacing.

2.3.3.3 Electrical resistivity and piezoresistivity of CCs with CF/CFRP recyclates

Recent studies have demonstrated that incorporating discrete short CFs into cement-based
materials enhances both their mechanical properties and electrical conductivity by establishing
a conductive network [85-89, 111]. Han et al. [88] investigated the impact of incorporating
3mm and 6mm CFs at varying concentrations (0 to 2 wt% of cement) on the electrical resistivity
of mortar. They found that the minimum electrical resistivity occurred at a CF content of 2 wt%
(equivalent to 0.6 vol% of the mixture), due to the tunnel effect, which established a stable
conductive network. Additionally, the study indicated that 6mm CFs were more effective in
enhancing the electrical properties. However, the authors did not highlight that the reduction in
electrical resistivity became less pronounced (flattened slope) when CF content exceeded
roughly 1.1 wt% (around 0.33 vol% of the mixture). Subsequent researchers investigated the
electrical percolation threshold to establish the optimal CF content for CCs. The electrical

percolation threshold in CCs is the critical CF content at which the material transitions from an
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insulator to a conductor. For example, Deng et al. [89] reported that with a CF content of 0.2%
by volume, a continuous conductive network was fully established, reaching the percolation
threshold. Beyond this concentration, while the resistivity continued to decrease, the change
was minimal. Previous studies recommend incorporating CFs at volumes between
approximately 0.1 to 1 vol% of the mixture to enhance electrical conductivity, and the electrical
conductivity is influenced by both the length and concentration of the CFs in the mixture [85-
87, 89].

The relationship between electrical conductivity and stress/strain, commonly referred to
as piezoresistive behaviour, has been a focal point of research to evaluate the self-sensing
abilities of concrete and mortar incorporating various conductive fillers. Donnini et al. [85]
investigated the effects of varying concentrations of CF in cementitious materials. They found
that electrical resistivity decreases during the loading-unloading cycle due to fibre push-in,
while it increases as a result of fibre pull-out. Additionally, the observed high sensitivity to
changes in stress was attributed to the elevated fibre concentration near the percolation
threshold. According to the research conducted by Wang and Aslani [87], the optimal
piezoresistivity of mortar was achieved with 0.7 wt% of 3 mm CFs, resulting in a fractional
change in resistivity of 70%. This was followed by a 30% fractional change observed with 0.5
wt% of 6 mm CFs. Furthermore, additional studies showed that combining conductive fibre
with fillers results in a more efficient conductive system. Chen et al. [118] found that the
simultaneous incorporation of 0.7 wt% CFs and 2.5 wt% graphite (both based on the weight of
cement) into CCs enhances its smart properties under flexural loads. CFs created an integrated
conductive network through overlapping and entangling, but fibre aggregation reduced
electrical conductivity. A small percentage of graphite could effectively fill the gaps between
the CFs, thereby improving the electrical characteristics of the CCs. Belli et al. [131] found that
while the combination of 0.2% CF by mortar volume and 4% graphene nanoplatelets by weight
of cement exhibited high electrical conductivity and reduced noise in the fractional change ratio,
its sensitivity is lower than that of 0.2% CF alone. Furthermore, it is important to note that
enhanced electrical properties do not necessarily correlate with improved piezoresistive
behaviour. In recent years, the hybrid combination of CFs with various functional conductive

fillers, such as CNFs and (nano) CB, has been the subject of extensive study [121, 132].

Despite the limited research available, the existing studies on the influence of rCF and
rCFRP on the electrical resistivity of CCs suggest that these recyclates can effectively enhance

the electrical properties of cementitious structures [82]. Faneca et al. [133] conducted the first
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study on the feasibility of incorporating 12mm PAN-based rCFs to create conductive CCs.
Using the wet mix method, they maintained the workability of fresh concrete within an
acceptable range, while the dry mix method resulted in reduced mechanical performance. For
rCF contents ranging from 0.2 to 0.8 vol%, the electrical resistivity of wet mix samples ranged
between 3 and 0.6 Q-m, comparable to values reported for vCFs. These findings highlight the
potential of using rCFs to develop multifunctional cementitious materials. Belli et al. [134]
compared the effects of incorporating 6mm length commercial and recycled CFs into mortars.
While mechanical strength remained similar for both types of fibres when combined with
industrial by-product conductive fillers, the carbon micro-fragments on the rCF surface
contributed to providing nucleation sites for hydration products and enhancing fibre-matrix
adhesion. This in turn led to reduced porosity and increased compressive strength of the
mortars. The most significant resistivity changes under strain were observed in specimens
containing 2 vol.% used foundry sand and 0.2 vol.% rCFs. Li et al. [135] investigated the
incorporation of rCFs with smooth surfaces, minimal resin residue, and lower graphitisation
compared to VCFs. They observed that the electrical resistivity of CCs decreased with
increasing rCF content, with a conductivity threshold of 0.5 wt.% of cement for 10 mm rCFs.
When the fibre length was increased to 20 mm, the higher likelihood of fibre overlap reduced
the conductivity threshold to 0.4 wt.%. The same research group also recently explored the
impact of chemically modified rCFs on the electrical conductivity of CCs [104]. They found
that increased surface roughness and better wettability of rCFs enhanced the electrical
conductivity of the composite, while a lower degree of graphitisation negatively affected the
conductivity. The resistivity decreased by approximately 91% at 0.2 wt.% rCF content, with a
percolation threshold at 0.3 wt.%. Alkali-neutralised modified rCFs further improved

conductivity, reducing resistivity by an additional 14.3% compared to unmodified CFs [104].

To summarise, the electrical conductivity of both vCF and recycled CFRP composites are
advantageous for developing multifunctional CCs. Whether in their pristine state or after
chemically modified-state, rCFs in both fibrous and powder forms can establish conductive
networks within the cementitious matrix. The effectiveness of these recyclates largely depends
on various parameters, including fibre length, concentration, and both intrinsic and modified
fibre properties. Therefore, a more detailed investigation is required to analyse a wide range of
parameters that influence the performance of rCF-reinforced CCs. Beyond the rCFs, critical
factors to consider include CC formulations, fibre dispersion techniques and their efficiency,

diverse curing conditions and their effects, as well as the influence of different additives [82].
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2.4 CF SURFACE MODIFICATION TECHNIQUES FOR ENHANCED FRCC

As previously discussed, recovered CFRP waste has the potential to enhance the overall
performance of CCs when incorporated with proper design. Most studies have focused on
incorporating CF and its recyclates in fibrous form, as fibres in the cementitious matrix enhance
load-bearing capacity and distribute stresses effectively, mitigating crack propagation through
their bridging effect. It is now widely acknowledged that the bonding properties of the fibre-
matrix interface significantly influence the mechanical properties of FRCCs [136]. Stronger
fibre-matrix interactions notably enhance tensile properties while also contributing to the high
toughness of FRCCs [136]. VCF without surface coating has stable properties, including
chemical inertness, non-polarity, and hydrophobicity, which result in poor affinity to water-
based mineral matrices [137, 138]. One of the key challenges in enhancing FRCC performance
is the insufficient interfacial bond between CF and the cementitious matrix. Although some
types of commercial CF are coated with sizing agents, these are designed for compatibility with
specific resin systems. These treatments may still limit their effectiveness in cementitious
materials and hinder the full utilisation of CFs in FRCCs [87, 139].

Understanding the interface and bonding mechanisms between CF and the cementitious
matrix is fundamental to advancing the development of CCs. While some research has focused
on modifying CFs surface to improve bonding with the matrix, techniques specifically targeting
the cementitious matrix remain an ongoing subject of investigation. This section aims to bridge
this gap by providing a review of the interfacial bonding between CF and cementitious matrices
(Section 2.4.1), examining surface modification strategies to enhance the performance of
FRCCs (Section 2.4.2), and highlighting multi-scale techniques used to evaluate the

effectiveness of these enhancements (Section 2.4.3).

2.4.1 CF-matrix interface and bonding mechanisms

In FRCC, the interfacial transition zone (ITZ) between the fibre and the cementitious
matrix represents a critical boundary region that significantly influences bonding behaviour at
both the nanoscale and microscale [136]. The porous ITZ in FRCC was initially identified in
CCs reinforced with macrofibres, which measure a few millimetres in diameter [140, 141].
Recent research has also highlighted the presence of the ITZ in composites with microfibers,
typically having diameters in the micron range [142]. Due to their higher aspect ratio and larger

surface area, microfibers underscore the critical importance of the ITZ in the performance of
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FRCC. The schematic and microstructural illustration of the ITZ between the fibre and

cementitious matrix is presented in Figure 2-14.
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Figure 2-14. Illustration of the ITZ: Schematic and microstructural view [141, 142].

The interaction between CF and the matrix depends on multiple factors, including the
type of bond formation (chemical or mechanical) and fibre surface properties (such as surface
roughness and wettability). A recent literature review by Lin et al. [136] identifies three major
bonding mechanisms between fibres and cementitious matrices: (1) electrostatic attraction, (2)
chemical bonding, and (3) mechanical bonding. In most cases, a combination of these bonding

mechanisms is preferred for developing enhanced interfacial shear strength [138].

(1) Electrostatic attraction bonding occurs when positive ions (e.g. Ca?") in the
cementitious matrix are attracted to the negatively charged fibre surface. This interaction
creates an interface characterised by two charged layers, commonly referred to as the electric
double layer (EDL) [143]. As an example, surface imperfections and functional groups present
on CNT surfaces could generate negative charges and induce dipole moments, facilitating the
deposition and growth of hydration products at the ITZ. At lower CNT concentrations, ion-
dipole interactions between the cement paste and CNTSs lead to strong intermolecular forces
that can extend over longer distances. The optimal mechanical performance, with an
improvement of up to 24%, was achieved at a CNT concentration of 0.2% [144]. The

electrostatic interaction becomes particularly dominant for small-scale fibres [136].

(2) Chemical bonding, the most recognised and established bonding theory, is
fundamentally based on atomic and ionic interactions at the fibre-matrix interface. It has a much
larger contribution to bonding with microfibres compared to macrofibres [145]. For instance,
Huang et al. [145] reported that the reactive functional groups (e.g. -COOH and -OH) presented
on the CF surface enhanced interactions with hydration products (e.g. C-S-H) in the

cementitious matrix. Additionally, the surface treated CFs containing these oxygen-containing
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functional groups could also form hydrogen bonds and Van der Waals forces at the interface,
contributing to enhanced interfacial adhesion. Such functional groups significantly enhance the
strength of the ITZ while simultaneously bridging it, thereby improving the mechanical

performance of the composite [136].

(3) Mechanical bonding primarily occurs through physical interlocking mechanisms
between the CF surface and the cementitious matrix, which are largely dependent on the fibre
surface roughness and morphology. The physical interaction between surface irregularities and
hydration products creates mechanical anchorage points that contribute to interfacial bond
strength. It can be enhanced through two primary approaches: increasing the CF surface
roughness and attaching secondary materials to the CF surface. For example, plasma treatment
utilising argon, nitrogen and oxygen effectively enhanced CF surface roughness by removing
sizing agents and selectively etching disordered carbon structures located between spherical
domains, according to the experimental study conducted by Kim et al. [146]. These surface
modifications contributed to enhanced interfacial bonding in the transition zone between the
CF and cementitious matrix. As another example, Lu et al. [147] modified CF by depositing a
thin layer of silicon dioxide on their surface, enabled chemical bonding between the silica layer
and calcium hydroxide in the cement matrix while significantly increasing surface roughness.
The roughness created additional active sites for bonding and led to the densification of the

ITZ, ultimately enhancing fibre-matrix adhesion.

Thus, building on the understanding of fibre-matrix bonding types and mechanisms,
researchers have been actively developing and optimising various surface modification
strategies, which will be discussed in the next section. These advancements aim to enhance the

performance of CCs that incorporate CFs.

2.4.2 Surface modification techniques

The surface modification of CF can generally be categorised into two main approaches:
chemical modifications (e.g. the introduction of functional groups to create new active sites that
facilitate chemical bonding) and physical modifications (e.g. enhancing the surface roughness
of the fibres to promote mechanical interlocking with the matrix) [138]. Additionally, hybrid
approaches that combine both chemical and physical methods are also prevalent [137, 148]. For
instance, the use of coupling agents and the grafting of CF with nanoparticles can serve as a
bridge to improve adhesion between the fibres and the matrix. Successful surface modification

is also associated with improved wettability, which plays a crucial role in enhancing adhesion
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at the fibre-matrix interface [148]. Over the past few decades, extensive research has focused
on developing surface modification techniques to enhance CF in FRCC. The modification
methods can be primary categorised into four main groups: Plasma treatment, Oxidation

treatment, electrophoresis and grafting treatment [137].

Figure 2-15. CF surface modification methods [137].
2.4.2.1 Plasma treatment

Plasma treatment is one of the predominant techniques for modifying CF surface to
enhance its wettability and its interfacial bonding with the cementitious matrix. The process
generates free radicals, ions, electrons and other metastable species that interact with the fibre
surface [137, 148]. The effects of plasma treatment vary depending on the type of gas used,
such as oxygen, nitrogen, or inert gases, as well as the treatment conditions and duration. They
can induce various degrees of surface modification, leading to effects such as oxidation, cross-
linking and etching of the CFs [138, 148]. Plasma treatment offers several benefits, including
the generation of functional groups that facilitate chemical bonding with matrices, enhancement
of surface roughness to improve mechanical interlocking, increased surface energy to promote
wettability, and the removal of fibre sizing agents or contaminants to ensure better surface
contact and adhesion. Zhao et al. [149] demonstrated the improved fibre-matrix bond in FRCC
by employing low-pressure, pulsed plasma treatment using oxygen and argon gases over a
relatively long treatment. This approach generated a thick layer of silicon oxide films on the
CF surface. The induced hydrophilic functional groups and increased surface roughness
significantly enhanced the interaction between CF and the cementitious matrix. More localised
formation of C-S-H was observed at the CF surface, further improving the fibre-matrix bond.

Li et al. [150] studied various process parameters and identified the optimal oxygen plasma
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treatment conditions to enhance the bond between CF and cementitious matrix by introducing
polar functional groups onto the fibre surface. After treatment, the CF tensile strength was not
compromised. It even slightly increased due to the smoothing effect. Moreover, Kim et al. [146]
compared the effects of plasma treatment using three different gases to introduce hydrophilic
functional groups onto the CF surface, enhance surface roughness, and accelerate the hydration
process. Although nitrogen and oxygen plasma treatments proved effective, they induced
excessive surface etching, which negatively impacted fibre strength. In comparison, argon
plasma treatment demonstrated better efficacy, achieving the highest interfacial shear strength
while preserving fibre’s integrity. To briefly summarise, plasma treatment requires controlled
conditions to achieve the desired effects. Excessive treatment, such as prolonged duration, can
degrade fibre strength and wettability. Additionally, the reliance on low-pressure conditions
poses challenges for scaling up to continuous large-scale production [137]. While plasma
treatment is known for its time efficiency, its application is often constrained by high
operational costs due to the specialised equipment and energy-intensive reaction conditions

required for the process [137].

2.4.2.2 Oxidation treatment

The oxidation process can be further categorised into gaseous oxidation (e.g. in air or
ozone at evaluated temperature), liquid phase oxidation (e.g. using nitric acid or hydrogen
peroxide) and anodic oxidation (e.g. electrochemical treatment) based on the oxidizing medium
[137]. A comparative investigation was conducted on oxidation treatments on CF powder and
3mm length CFs, using both gaseous and liquid oxidants in different conditions [151]. Among
these methods, thermal oxidation in air at 410°C emerged as the most effective approach for
enhancing mechanical properties. The best performance is attributed to the dual benefits of
improved fibre-matrix anchorage through both chemical surface modifications and physical
alterations in surface roughness. The oxidation treatment successfully modified the CF surface
by introducing oxygen-containing functional groups, which significantly enhanced the
interactions between the fibres and the silicate and aluminate phases of the cementitious matrix.
These surface modifications resulted in increased surface polarity, leading to improved
wettability and reactivity of the CFs. Consequently, these changes promoted better fibre
dispersion within the cementitious matrix and strengthened the fibre-matrix interfacial bond.
The enhanced interfacial properties ultimately contributed to improved strength and ductility

of the CCs. Lavagna et al. [152] has also demonstrated that oxidative treatment with piranha
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solution (a 3:1 mixture of sulfuric and hydrogen peroxide) at 30°C for 30 minutes significantly
enhanced both the electrical and mechanical properties of FRCC.

Electrochemical (anodic) oxidation stands out as an industrially attractive method for
continuous and large-scale CF modification as it enables systematic control of oxidation
parameters through adjustable potential, current, and electrolyte composition [137, 148]. At
present, this approach remains limited in its application to CFs specifically tailored for
cementitious matrices [137]. A recent study revealed that anodic oxidation in pore solutions
can effectively introduce oxygen-containing functional groups on CF surfaces. These groups
facilitated calcium ion interactions from the pore solution, promoting the growth of calcite and
the formation of a denser interfacial microstructure around the CFs. Their findings
demonstrated that mild oxidation conditions (1V for 30 minutes) increased the CF tensile
properties by 19.1%, while moderate treatment parameters (3V for 15 minutes) enhanced the
fibre-matrix interfacial bond strength by 37.9% [153]. Based on their initial research, Li et al.
[154] developed an anodic oxidation process for pyrolysis recovered rCF using a sodium
hydroxide solution, specifically for integration into alkali-activated CCs. This process
introduced acidic functional groups on the fibre surface, facilitating the formation of sodium-
alumina-silicate-hydrate (N-A-S-H) and densifying the ITZ at the fibre-matrix interface. As a
result, the electrochemically modified composites with treated rCFs demonstrated a 10%
improvement in flexural strength compared to those with untreated fibres. However, a slight
reduction in compressive strength was observed, which was attributed to the enhanced surface
wettability that increased water demand and subsequently led to higher matrix porosity. In
addition, Huang et al. [145] examined the interfacial bonding between CF with anodization and
epoxy coating and the high strength paste used in ultra-high performance concrete (UHPC).
Their study revealed that anodized CFs exhibited significantly improved properties compared
to untreated CFs, including a 117% increase in chemical debonding energy, a 67.8% increase
in interfacial friction bond strength, and an 88.6% increase in CF-matrix bond strength. The
introduction of oxygen-containing functional groups on the surface of CFs significantly
enhanced Van der Waals interactions and promoted stronger hydrogen bonding with the C-S-
H gel. This modification resulted in improved chemical adhesion between the treated CFs and
the cement paste matrix, contributing to a stronger interfacial bond. Traditional oxidative
treatments have faced several limitations, including being time-consuming, costly, and

associated with environmental pollution concerns. In contrast, anodic oxidation has been

Chapter 2: Literature Review 70



gaining increasing attention from researchers as a simpler, more cost-effective method with

minimal environmental impact [137, 154].

2.4.2.3 Electrophoresis

Electrophoresis, also known as electrophoretic deposition (EPD), is a promising surface
modification technique for CFs, offering precision and uniformity in the coating process. This
technique involves the migration of charged particles toward oppositely charged electrodes in
a solution when an electric field is applied, resulting in the deposition on the CF surface [137].
Several nano materials have been successfully deposited onto the CF surface for enhancing
interfacial bond strength and FRCC’s overall mechanical properties. Graphene oxide (GO) can
be efficiently deposited on CF surfaces through EPD, resulting in enhanced surface properties
including wettability, chemical reactivity, and roughness [155]. Thus, this surface modification
significantly improved the interfacial interaction between CFs and the cementitious matrix.
Additionally, GO served as a nucleation site for cement hydration products around the fibre
surface. The incorporation of GO-modified fibres led to at least 14.58% improvement in the
flexural strength of the composite, with further enhancements possible through pre-dispersion
in GO solution. GO solutions functioned as dispersing media, facilitating improved CF
distribution within the matrix. More studies have explored the EPD of nano-silica (NS) onto
CF surfaces to enable tailored interfacial bonding with cementitious matrices. EPD at 1V for 5
minutes successfully enabled nano-silica deposition onto CF surfaces, resulting in an 182%
enhancement in fibre pullout work [156]. This significant improvement was due to the
formation of a pozzolanic reaction with surface-deposited NS. The resulting surface structure
promoted mechanical interlocking with the cementitious matrix, while the formation of C-S-H
gel and calcite further strengthened the interfacial bond. Furthermore, the authors also
investigated the influence of electrolyte pH on both the quality of the NS coating and the
resulting CF properties [157]. Acidic conditions in the EPD system facilitated a more uniform
and homogeneous distribution of NS onto CF surfaces, whereas alkaline environments resulted
in reduced NS deposition. Consequently, the acidic environment yielded a higher degree of
interfacial bonding characteristics compared to neutral and alkaline conditions. Moreover,
Wang et al. [158] employed a novel combination of NS and soluble calcium salts as electrolytes
in EPD for CF modification. This approach effectively reduced defective carbon atoms and
enhanced the physical anchoring between CF and the cement matrix. The modification
increased oxygen-containing functional groups and CF surface hydrophilicity, promoting

uniform hydration product formation and ITZ densification through the reaction of silicon
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dioxide with calcium hydroxide. Electrophoresis is a useful technique for CF surface
modification, ideal for incorporation into cementitious matrices due to its several benefits,
including energy efficiency, operational simplicity, lower cost, and non-hazardous nature [136,
156-158]. While this methodology shows considerable promise, it remains in the developmental

research phase.

2.4.2.4 Grafting treatment

Chemical grafting, characterised by covalent bonding, is another surface modification
technique that enhances the interfacial bonding strength between CFs and cementitious
matrices. Since physical grafting (e.g. Van der Waals interactions) is limited to relatively weak
bonding, chemical grafting is now the dominant treatment, enabling robust attachment of
nanoparticles to the CF surface [159]. Past studies have successfully demonstrated the grafting
of various nanoparticles, including CNT, NS, and GO, for this purpose. Cui et al. [159]
proposed a novel chemical grafting approach utilising (3-Aminopropyl) triethoxysilane
(KH550 — a silane coupling agent) to bridge oxidised CFs and CNT through chemical bonding.
This modification resulted in a 21.5% enhancement in flexural strength when CNT-grafted CFs
were incorporated into CCs, compared to composites with ungrafted CFs, while the
modification showed minimal impact on the compressive strength of the CC. Similarly, NS can
be effectively grafted onto the CF surface using the sol-gel method, which enables the
production of consistent, high-purity nanostructures at comparatively low temperatures. As
reported by the previous studies [147, 160], pre-treatment with nitric acid and KH550 was
employed prior to this process to enhance the surface roughness and reactivity of the fibres.
After the sol-gel method, the NS formed on the CF surface interacted with calcium hydroxide,
leading to the accumulation of C-S-H gel at the ITZ between the fibre and matrix. This
interaction not only improved the interfacial friction strength but also significantly enhanced
the mechanical properties of the FRCC. Specifically, compared to untreated samples, the tensile
and flexural strengths of the resulting FRCC increased by 22.04% and 29.57%, respectively.
Moreover, Zhou et al. [161] proposed the in-situ growth of hybrid NS and CNT to modify CF,
aiming to enhance their interaction by introducing fine particles to provide more nucleation
sites, enhancing pozzolanic activity, and improving physical friction properties. The synergistic
effects of this hybrid grafting method significantly improve the shrinkage resistance and
impermeability of FRCC. Additionally, KH550 has been utilised to bridge oxidised CF and
GO, facilitating the successful grafting of GO onto the fibre surface [158]. The tensile strength

of CF grafted with GO demonstrated a 22% enhancement compared to untreated CF.
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Consequently, the strength and toughness of the CCs were also improved following the
incorporation of the grafted CF. This enhancement is evidenced by an increased concentration
of C-S-H at the fibre-matrix interface. While grafting treatments are relatively mild, minimising
damage to the CF surface, they may involve complex procedures and produce harmful waste
products [137, 148].

2.4.3 Techniques for examining the effects of surface modification

The effectiveness of CF surface modification can be systematically evaluated through
various microstructural and mechanical tests. These techniques characterise both the
morphological and physicochemical properties of CFs, as well as their interfacial performance

in the cementitious matrix.

Scanning electron microscope (SEM) coupled with energy dispersive spectroscopy
(EDS) can be used to examine both fibre surface alterations (e.g., morphology and elemental
analysis) and the internal composition within the cementitious matrix (ITZ within the cement-
based matrix). In addition, EDS analysis enables the quantitative determination of elemental
composition and distribution across the examined region [81]. On another note, although atomic
force microscopy (AFM) is not suitable for investigating modified CFs in cementitious
matrices, it can provide high-resolution imaging on a nanoscale for surface topography
measurement when operating in tapping mode [137]. The surface roughness and any deposition
on the CF surface can be visually and quantitatively tested before and after modification [147].
Fibre surface characterisation also includes the identification of surface chemistry and
crystalline structure analysis [137]. Techniques used for this purpose include, but not limited
to, X-ray photoelectron spectroscopy (XPS), Fourier-transform-infrared (FTIR) spectroscopy,
Raman spectroscopy and X-ray diffraction (XRD). The XPS survey spectrum provides an
overview of the elemental composition and content of the surface, while changes in the
chemical bonds of CFs resulting from modification can be analysed through XPS high-
resolution spectra [162]. FTIR spectrums can be used for identifying mineralogical changes in
both modified CFs and the resulting CCs following treatment. For example, Xu et al. [163]
employed FTIR and XPS to examine the CFs synthesized with boron nitride (BN) nanosheets.
Their analyses revealed the formation of robust N-C bonds between BN nanosheets and CF,
facilitating strong interfacial adhesion between the two materials. In addition, Raman
spectroscopy and XRD are typically used to characterise the crystalline structural changes in
CF [137]. The degree of structural disorder in CFs can be evaluated through the analysis of the

D-band (disorder-induced) and G-band (graphitic) intensities in Raman spectra. Then the ratio
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of these two bands can quantitatively identify the degree of graphitization or disorder. In
contrast, XRD analysis can be employed not only to investigate the crystalline structure of CFs
but also to characterise phase changes during the cement hydration [81]. Other surface
characterisation techniques involve contact angle measurement, which evaluates the surface
energy and wettability behaviours of CFs [164]. On the other hand, Zeta potential
measurements characterise the electrokinetic properties of CFs, including surface charge
distribution and the stability of CF suspension [165, 166].

The mechanical performance of CF, such as tensile strength, is governed by its
morphological features and intrinsic physicochemical properties, including graphitic crystallite
size, orientation, and internal defects [137]. To assess the mechanical properties of CF, single
fibre tensile testing is conducted until fibre failure occurs. The resulting stress-strain curves
provide systematic information about key mechanical properties, including elastic modulus,
ultimate tensile strength, and maximum elongation [167]. Pullout tests are employed to
characterise the interfacial bonding between fibre and matrix, which can be categorised into
one-sided and two-sided tests. The one-sided single fibre pullout test is most commonly utilised
due to its simplicity and efficiency [136]. Katz et al. [168] introduced a detailed procedure for
the test, which offers precise control over fibre placement (Figure 2-16). The test is conducted
at a constant loading rate, during which the specimen undergoes distinct stages: initial linear
elastic deformation, elastic stretching, maximum load achievement, and finally, the debonding
process (crack propagation) until complete fibre separation from the surrounding matrix [137].
Through analysis of the load-displacement curve and sample configuration, crucial results can
be determined, including debonding strength, interfacial friction bond strength, and chemical
debonding energy [145, 163]. CF pullout tests can also be conducted on bundles or yarns [146].
However, the testing results are influenced by several critical factors, including CF alignment
and the distribution of CF filaments across the cross-section. Such variations may result in
different bonding strength measurements compared to single fibre pullout tests. The evaluation
of bonding performance between CF yarns and the matrix can be also conducted using double-
sided pullout tests, where specimens are fabricated in symmetrical configurations, such as
tetragonal prisms or dog-bone configurations [136, 137]. Beyond interfacial bonding
characterisation, the practical performance of FRCC incorporating modified CFs is typically
evaluated through compressive and flexural mechanical testing. These macroscale tests provide
valuable insights into how enhanced fibre-matrix interactions improve the overall properties of

the CC system.
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Figure 2-16: Sample preparation and testing setup for single fibre pullout test [163].

2.5 CONCLUSIONS

The incorporation of FRP composite wastes into cementitious materials offers a
sustainable solution for managing industrial composite waste, providing both environmental
and economic benefits. This repurposing strategy also has the potential to advance the
multifaceted performance of the resulting CCs. Reviewing the literature not only provides
current knowledge and highlights development trends but also identifies research gaps and

limitations that need further investigation.

A systematic review demonstrated the viable potential for incorporating GFRP and CFRP
composite wastes into CCs, supporting their widespread application. Although fresh, physical
and mechanical properties of the resulting CCs have been investigated, research on their
durability and internal structural characteristics remains limited. Therefore, this research
conducts a comprehensive investigation into the multifaceted performance of these CCs,
focusing on acid diffusion, drying shrinkage, and water absorption, alongside advanced void
geometry and feature detection analysis using micro-CT (Chapter 3). In addition, most existing
research has primarily utilised laboratory-prepared composites rather than addressing the
practical challenges of reusing industrial FRP waste. Thus, this research develops practical
solutions for effectively repurposing real industrial waste FRP in cementitious materials
(Chapter 5).

Previous research has primarily focused on incorporating vCFs into cementitious
materials for developing cement-based sensors for SHM, with limited exploration of the self-
sensing capacities of sensors incorporating various CFRP/CF recyclates. The impact of

incorporating these recyclates on electrical properties largely depends on different factors such
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as fibre properties and concentrations. In this context, Chapter 6 of this research investigates
the effectiveness of utilising different forms of recyclates to develop and enhance the self-

sensing capacities of cement-based sensors under varying environmental conditions.

Despite the existing surface modification techniques for enhancing the fibre-matrix
interface, these conventional methods still present limitations related to cost, complexity,
environmental impact, and compatibility with cementitious matrices. This research highlights
the need for more efficient, cost-effective and environmentally friendly modification
approaches. To address these challenges, two novel CF surface modifications are proposed in
Chapter 4 to alter both the physical and chemical properties of CFs, promote fibre dispersion,
and strengthen the interfacial interaction between CFs and the matrix, thereby improving the

physical and mechanical performance of FRCCs.
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Chapter 3: Multifaceted Evaluation of Cement-
based Mortar Incorporating CF and
GF Offcuts

3.1 INTRODUCTION

FRCCs have gained significant attention in the construction field, particularly those
incorporating short CF and GF as discrete reinforcements. The addition of fibres demonstrates
a bridging effect and transfers stress throughout the matrices, thereby enhancing flexural
strength, limiting crack propagation and improving overall FRCC performance. In addition to
this, durability is a paramount criterion in concrete structure design, especially in aggressive
corrosive environments. However, research on the durability of mortars incorporating CF and
GF remains limited. On the other hand, understanding the internal structure of FRCCs is crucial
for ensuring their safe design and practical application. Yet there is a notable lack of quantitative
analysis regarding void geometry and distribution when additional fibres are incorporated into
cementitious materials. While Micro-CT serves as a powerful tool for visualising and
quantifying the spatial distribution and orientation of internal elements, detailed
characterisation of CF within the cementitious matrix remains challenging. This is primarily
due to low-contrast images where phases overlap in grey values, reducing the effectiveness of

conventional segmentation methods, and highlighting the need for advanced approaches.

These challenges are especially relevant when considering the use of fibre offcuts, an
abundant yet underutilised form of waste generated throughout the FRP composite lifecycle,
such as scraps from manufacturing lines, as reinforcement in CCs. Gaining a deeper
understanding of how these offcuts affect the internal structure and durability of CCs is also

essential for validating their potential in sustainable construction applications.

This chapter addresses these research gaps and challenges through three interconnected
studies. The first study in Section 3.2 examines void characteristics in FRCC through micro-
CT analysis using Gaussian blur filtration, investigating how different fibre types and contents
influence void geometry and distribution. Additionally, the study explores the effects of acid
diffusion through both experiments and simulations. The relationships between microstructures
and various properties, including mechanical, durability, and electrical properties, are then

assessed and discussed. While isotropic Gaussian filtering is suitable for void characterisation

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 89



in the first study, the second study in Section 3.3 develops a new Anisotropic Gaussian filter to
more precisely detect CFs within the cementitious matrix. The segmentation accuracy of this
method, compared to other conventional methods, is then evaluated and verified. Furthermore,
to address the limitation of micro-CT related to its high cost and unsuitability for field testing,
the third study in Section 3.4 investigates the potential of using ultrasound testing (UT)
techniques in identifying CF features within a high-attenuation cementitious matrix, a
capability that is yet to be fully recognised. The performance of these two NDT methods in

characterising CF and voids across various scales is then compared and analysed.

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 90



3.2 VOID GEOMETRY ANALYSIS AND MULTIFACETED
CHARACTERISATION OF CEMENTITIOUS MORTAR REINFORCED WITH
SHORT CARBON AND GLASS FIBRES - A COMPARATIVE STUDY

Y. Tao!, S.A. Hadigheh™", Z. Wang*

1School of Civil Engineering, Faculty of Engineering, The University of Sydney, Sydney, New
South Wales 2006, Australia

“Corresponding Author: Dr Ali Hadigheh

Journal of Building Engineering, https://doi.org/10.1016/j.jobe.2024.109283, Published in
April 2024.

3.2.1 Abstract

This paper presents comprehensive experimental and numerical studies on void analysis,
durability performance, electrical properties, and microstructural behaviour of fibre-reinforced
cementitious composites (FRCC) with varying short carbon and glass fibre volume fractions.
Durability and electrical properties are evaluated based on the hydrochloric acid effect, water
absorption, drying shrinkage and electrical resistivity changes over time. The incorporation of
CF and GF remarkably limits drying shrinkage, primarily attributed to the bridging and bonding
effects of fibres within the matrix. The addition of 1.0% carbon fibre significantly decreases
the electrical resistivity and improves acid resistance performance. Furthermore, for the first
time, the influence of fibre type and quantity on the formation of elongated and eccentric voids
is investigated by using X-ray computed tomography (micro-CT). The results demonstrate that
higher porosity leads to lower strength and durability performance, while a greater occurrence

of elongated voids contributes to increased length change in shrinkage.

Keywords: Durability; VVoid analysis; Fibre reinforced cementitious composite; Electrical

resistivity; Diffusion

3.2.2 Introduction

Since the first invention of Portland cement in 1824, modern infrastructure has evolved,
and cementitious concrete is now the most commonly used material in the building sector [1,
2]. Although concrete is a highly versatile material for construction with excellent compressive
properties, it exhibits lower tensile strength and insufficient ductility. A range of measures has
been employed to address the shortcomings of concrete materials, including integrating
reinforcing steel in concrete, effective utilisation of supplemental cementitious materials

(SCMs), application of suitable dosage of admixtures, and various curing procedures [2, 3].
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Among the key pathways for improving the performance of cementitious materials in a wider
range of applications, the addition of fibres to concrete is now of considerable attention to
increase flexural strength and limit cracking. FRCC has recently been successfully
commercialised [4, 5] and is used in a variety of structural applications such as structure
anchoring zones, bridge deck overlays, and slabs [6-8]. Nevertheless, ongoing advancements
in FRCC are aiming to optimise its performance and further broaden its application in

sustainable structural engineering practices.

The performance of FRCC depends greatly on the fibre type, fibre length and amount of
reinforcement. Many researchers have been experimenting with different fibres to reinforce
cementitious materials and improve various properties. Steel fibre [4, 9, 10], basalt fibre [10,
11], polypropylene (PP) fibre [9, 10], glass fibre (GF) [12, 13], jute fibre [10] and carbon fibre
(CF) [14-16] are the most utilised fibre types, as they are considered to have a bridging effect
to limit crack formation and shrinkage and improve mechanical properties. Among them, CF
and GF stand out as superior micro-reinforced materials used to enhance the performance of
cementitious materials, owing to their high strength-to-weight ratio, effectiveness in resisting
corrosion and non-combustible nature [17, 18]. Previous studies have demonstrated the benefits
of carbon and glass fibre-reinforced concrete in enhancing its mechanical performance [13, 19,
20]. For instance, Safiuddin et al. [21] observed that CFs improved the splitting strength,
flexural strength and toughness by up to 17%, 3.6% and 41.4% of self-consolidating concrete.
Hilles and Ziara [22] pointed out that compressive, splitting tensile and flexural strength of
high-strength concrete could be increased by 13.14%, 63.22% and 52.36% with 1.2% GF.
Besides, several studies have recently demonstrated that incorporating CFs into cement-based
materials can improve both their mechanical performance and conductivity by forming a
conductive network [14, 23-26]. Fibrous conductive materials can effectively overlap each
other to form a conductive network within cementitious composites, even with low dosages. A
stable conductive network could be established through the tunnel effect as the fibre content
increases, up to 2wt%, particularly with CF lengths of 3mm and 6mm [25]. The electrical
resistivity would reach its minimum value when the CF dosage reaches the percolation
threshold. This electrical conductivity of FRCC is of current interest due to its potential for the
development of an effective non-destructive technique for structural health monitoring of
structures [27].

In addition to mechanical and electrical properties, durability is often considered the

paramount criterion in the design of concrete structures. Concrete made of Portland cement is
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highly alkaline with pH values normally higher than 12 [28, 29]. Based on this chemical nature,
concrete structures are susceptible to acid attack when they come into contact with low-pH
environments. The hydration products from hardened concrete react with acid to form dissolved
ions, which result in expansive compounds that may cause loss of strength, loss of weight, and
propagation of cracks [29-31]. Aggressive corrosive media covers a wide range of acid
environments [29, 30, 32]. Some progress has been made in investigating the behaviour of
FRCC incorporated with CF and GF to enhance sulfuric acid resistance performance,
highlighting the significant role played by fibres in improving the durability and structural
integrity of concrete in acidic environments. Employing GF in concrete prevents weight loss
by binding the concrete together, despite the fact that GF may cause the acid solution to enter
the internal structure through the formation of microchannels [33, 34]. In addition, chloride is
recognised as one of the primary chemicals that can adversely affect the long-term durability
of concrete. It is prevalent in both industrial environments and nature settings, including the
textile industry, deicing salt and seawater [35-37]. Chloride-induced corrosion of reinforcing
steel bar occurs when the concentration of chloride ions at the steel surface reaches a threshold
level sufficient to breakdown the passive oxide film layer on the reinforcing bar [38]. It then
initiates an electrochemical corrosion process where the anodic regions experience oxidation of
iron atoms into ferrous ions, while at the cathode, the released electrons react with oxygen and
water to produce hydroxyl ions that subsequently react with the ferrous ions to form the rust.
This process can lead to the degradation of reinforcing bar and cause expansion-induced cracks
in the surrounding concrete, resulting in spalling or delamination [37, 39]. Chloride ions can
also dissolve in water to form hydrochloride acid (HCI), which penetrates the porous structure
and diffuses into the cementitious matrix, ultimately causing deterioration. Fatemi et al. [37]
conducted an extended experimental program to investigate the acid resistance capacity of
mortar specimens when formulating a novel cementitious matrix for marine environments.
They emphasised the importance of the cementitious matrix’s permeability to chloride ingress
during acidification. Examining FRCC’s resistance to HCI acid is essential for safeguarding the
durability and longevity of the structure. Nevertheless, very few studies have investigated the

mitigation effect of CF and GF on the HCI acid resistance of cementitious materials.

Currently, research on the durability of mortar incorporated with short carbon and glass
fibre is very limited [40]. There is also a need to investigate the microstructural and porosity
changes that occur after incorporating short fibres in cementitious materials, which can be used

to explain the mechanical and durability behaviour. Although the commonly used water
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absorption test for cementitious materials provides a measure of total permeable void space in
concrete, it has limitations in providing detailed information about the specific characteristics
of the pore system. Micro-CT can examine concrete microstructures non-destructively through
a three-dimensional (3D) reconstruction, enabling the visualisation of entrained and entrapped
air voids. However, there is still a lack of quantitative analysis regarding void size and shape
distribution influenced by the incorporation of additional fibres in cementitious materials. Thus,
the present study aims to gain insight into how the incorporation of additional fibres affects the
void geometry distribution within FRCC, and how the influences reflect on its performance.
The paper also assesses the durability behaviour of FRCC in an aggressive HCI acid
environment. The conducted experiments include the HCI acid effect, water absorption, drying
shrinkage, electrical resistivity changes over time, as well as morphological and chemical

characterisation.

In this study, two types of short fibre (CF and GF) were incorporated into the mortar as
additional reinforcements with different volume fractions. The effects of different fibre types
and contents on the performance of cementitious mortar were investigated and compared
through a comprehensive test matrix. The influences of different combinations on the
microstructure and porosity of mortar were also characterised by utilising different microscopy
techniques and micro-CT. Furthermore, this study presents a pioneering examination of how

the type and quantity of fibres influence the geometry of voids, along with their eccentricity.

3.2.3 Materials and experimental methodologies
3.2.3.1 Specimen preparation and mix design

Carbon and glass fabrics were used in this study. Fibres were manually cut for use as
additional reinforcing materials in mortar. In the experiments, 6mm short fibres were prepared
to ensure appropriate dispersion within the mortar mix while maintaining the desired properties
[23, 41]. CF has a diameter of 8um, featuring surface grooves attributed to sizing, whereas GF
has an 18um diameter and a smooth surface. The density of carbon and glass fibre is 1.8 g/cm?®
and 2.5 g/cm?®, respectively. The average tensile strength of CF used in this experiment is
3,000MPa [42, 43], which is notably higher than that of GF (540MPa).

Mortar specimens were prepared using general-purpose cement complying with AS3972
type GP [44] and Macka's sand that complies with AS2758.1 [45]. Table 3-1 shows the
proportions of each mortar mixture. The volume fractions of short fibres added to the mortar

were 0.1%, 0.5%, and 1.0%, respectively. The water-to-cement ratio was kept constant at 0.55.
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During batching, cement was first poured into the bowl, then short fibres were progressively
added and stirred for 3 minutes to get a homogeneous dry mix. Then, sand and water were
gradually added to the mix and stirred for 5 minutes to get the appropriate consistency stated in
BS EN 1015-3 [46]. The flow table method was utilised to assess the consistency of fresh
mortar, (see Table 3-1 for the characteristics of the freshly mixed mortar). The flow value was
larger than 140mm, indicating the plastic and soft mortar according to BS EN 1015-6 [47]. Both
measured flow value and fresh density decreased with the addition of fibres, which was related

to fibre conglomeration and density differences between fibre and mortar constituents.

Following mixing, a vibration table was used to aid in mortar compaction and reduce air
entrapment. The fresh mortar was then poured into various-sized metallic moulds in preparation
for testing. All mortar specimens were cured in the moulds for 24-48 hours before being
cured at the standard laboratory temperature of 23°C. Mortar specimens were moist wrapped

in a wet cloth and sealed with an impermeable plastic sheet [48].

Table 3-1. Mix design of mortar and fresh properties.

Mixing proportions of mortar ((kg/m?) Flow value  Fresh density
Mixture ~ Cement Sand Water CF GF (mm) (g/cm?)
Plain Mortar 726 1088 400 240.05 2.21
CF0.1 726 1088 400 1.8 170.58 2.16
CF0.5 726 1088 400 9.0 156.41 2.09
CF1.0 726 1088 400 18.0 155.58 2.08
GF0.1 726 1088 400 2.5 223.24 2.20
GF0.5 726 1088 400 12.7 187.78 2.06
GF1.0 726 1088 400 25.4 174.39 2.05

3.2.3.2 Experimental program

As shown in Figure 3-1, the analysis of void dimension analysis and eccentricity
distribution were characterised by micro-CT. The multifaceted characterisation of mortar
reinforced with short carbon and glass fibre with different volumes was assessed, by HCI acid
attack, water absorption, drying shrinkage measurement and electrical resistivity. In addition,
analytical and numerical analyses were also carried out to simulate the acid diffusion activity
within fibre-reinforced mortar. Following the experimental tests, microstructures and
phases/composition of cured and deteriorated mortar specimens were examined using both
SEM equipped with EDS and XRD techniques. FTIR was utilised to further identify compounds

for determining components in the mortar mixture.
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Figure 3-1. Hllustration of the experimental program.
Micro-CT and void analysis

Micro-CT was used to explore and compare the void distribution within the mortar
samples (50x50x50mm?) before and after the addition of fibres, conducted at a curing age of
90 days. The scans were conducted by using Bruker Skyscan 2214 micro-CT scanner. To ensure
comparability of micro-CT images and void analyses across different samples, consistent
parameters and settings for the micro-CT scanner and reconstruction were maintained for all
samples. 40um pixel resolution was adjusted to obtain the entire volumetric view of each
specimen through one scan. The scans were taken at 120 kV with a beam current of 100pA
with a 1mm copper filter. Each sample was scanned 360° with a 0.2° rotation angle per step.
Therefore, a total of 1800 projections were acquired after each scan, and imported into Bruker
NRecon software for 3D reconstruction to create a stack of greyscale images representing cross-
sections along the vertical axis of the sample. Figure 3-2 (a) shows a typical cross-sectional
image where darker and black regions with lower pixel intensity represent voids, and lighter

and greyish regions with higher pixel intensity represent the mortar matrix.

The framework for micro-CT image processing and void segmentation was programmed
using MATLAB. For each specimen, a volume of interest of 40x44x32mm? (1,000x 1,100x
800 voxels) was selected and cropped after stacking all the micro-CT cross-sectional images,
as shown in Figure 3-2 (b). A Gaussian blur filter was applied to smooth the mortar matrix and
remove the noise, as shown in Figure 3-2 (c). To improve the contrast and sharpness between
the mortar matrix and the voids, the mean intensity of the cross-sectional image was used as the
threshold to further smooth out the mortar matrix regions. The pixel intensity and contrast of

the void may vary depending on many factors, such as the size of the voids and the intensity of
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the surrounding mortar matrix. Thus, a local adaptive threshold algorithm using first-order
statistics within the MATLAB image toolbox [49] was used to binarize the image and segment
voids from the background. As shown in Figure 3-2 (e), the smaller voids were well segmented,
but it can be seen that the larger voids were not fully closed within the centre. To solve this
issue, large voids were separately identified by applying a low global threshold as shown in
Figure 3-2 (f), and then added to the binarization image by the local adaptive threshold to
provide a more accurate void segmentation as shown in Figure 3-2 (g) and Figure 3-2 (h).
Comparing the zoomed region (4x4mm?) from Figure 3-2 (b) to (h), after smoothing the mortar
matrix pixel intensities, the combination of local adaptive and global thresholds provided a
reasonable segmentation for both large and small voids.

© (d)

4x4 mm?
(100%100 voxels) |

®

Figure 3-2. Framework for image processing and void segmentation with zoomed
visualisation (a) original image (b) region of interest (40x44 mm?) (c) Gaussian blur and
smoothing (d) mortar matrix smoothing (e) local adaptive threshold (f) global threshold for
larger voids (g) combined binarization results (h) segmented voids within the region of
interest.
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Figure 3-3. Demonstration of eccentricity and examples of voids with different eccentricities.

After segmentation, the properties of voids were quantitatively analysed through
MATLAB programming. Voids were identified individually based on the three-dimensional
connectivity of the voxels. For each void, the volume was calculated based on the number of
voxels within each identified void. The three primary axes of the voids were estimated by the
major axes lengths of the ellipsoid that have the same normalized second central moments as
the void (see Figure 3-3 (a)). Then, the void eccentricity was estimated by the ratio of the
shortest to the longest axis length, which ranges between 0.0 to 1.0. As shown in Figure 3-3 (b)
to (e), the void appears more sphere when the eccentricity was close to 1.0, and more elongated
when the eccentricity was smaller. As the maximum stress at the crack tip depends on the
geometry of the void, particularly the radius of curvature of a crack tip and the crack length,
these elongated voids may have a significant effect on the mortar's strength. Sharp corners
within these elongated voids can act as stress concentrators, leading to the initiation and
propagation of cracks [50]. To further reduce the influence of noise, only the voids larger than
200um were considered. Then, the void volume fraction was calculated by summing up the
number of voxels belonging to all the voids and dividing by the total number of voxels within
the volume of interest. In this study, following the criteria from previous literature [51], the
voids smaller than 1mm3 were considered small voids, and those larger than 1mm? were
considered large voids. The volume fraction of small voids and large voids are calculated
respectively. As both the micro-CT scanning process and the image processing framework were
controlled for all the samples, the void distributions from different samples could be compared

quantitatively.
Durability tests and electrical resistivity measurements

The impact of HCI acid on the fibre-reinforced mortar was investigated through
gravimetric change, mechanical properties, and penetration depth. For each combination, three
50mm cubic specimens and one small cylindrical specimen with 50mm diameter and 100mm
length were produced. Following the procedure in ASTM C267-20 [52], the samples were
removed from the curing condition and then were wiped to surface dry condition after 28 curing
days. To determine the initial weight, each mortar specimen was weighed and then fully
immersed in the acid solution for 8 weeks until testing. HCI solutions with a concentration of
5wt% were used as the environmental aging condition in this study. To maintain the pH level
within an acceptable range, concentrated acid was frequently refreshed. The samples were taken

out of the acid bath at regular intervals during the immersion test, washed with three rapid rinses
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under running cold water, and then immediately dried by blotting with paper towels. Then, the
specimen was allowed to air dry for 0.5 hours before its weight was measured to calculate the
weight change. After 8 weeks, the impact of acid on the compressive strength of mortar was
determined. At the end of the immersion period, cylindrical samples were cut in half to measure

the extent of acid penetration using the Bromothymol blue pH indicator.

The water absorption test was also performed on 50mm cubes cured for 7, 28 and 90 days
according to ASTM C948-81 [53]. The dry bulk density of hardened mortar was calculated as
the ratio of the recorded oven-dry mass to volume according to BS EN 1015-10 [54].

The drying shrinkage was undertaken on 25x25x285mm? prism samples by measuring
the length change starting from 7 days after casting in accordance with ASTM C490/C490M—
2 [55]. During the experiment, the initial lengths of specimens were measured after demolding
using a length comparator. Subsequently, length changes of specimens were recorded on certain
days (until 120 days) after the initial measurement. Drying shrinkage for each mix combination

was calculated by averaging two specimens.

The electrical properties of mortar were reported through surface resistivity and bulk
resistivity measurement on cylindrical samples (100mm dia.x200mm) after 7, 28 and 90 days
of curing. Proceq ResiPod fully integrated 4-point Wenner probe was used for measuring
surface resistivity based on AASHTO T 358-15 [56]. The bulk resistivity was measured based

on:
bulk resistivity p = K X Reylinder, Where K = A/L 3-1
A = cylinder top surface area (mm?)
L = length of the cylinder (mm)
Reylinder (Cylinder resistance) = Rmeasured — Rupper = Riower 3-2
Rmeasured = the sum of the resistance of the cylinder plus the two inserts
Rupper = resistance of the upper foam insert
Riower = resistance of the lower foam insert.
Microstructural analysis

The microstructure of cured and acid-deteriorated mortar specimens was examined using
SEM with EDS, XRD and FTIR. Zeiss Ultra Plus machine, which uses a Schottky field-

emission source for high resolution and beam current was used for imaging of surface
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topography. SEM samples (5-10mm) were collected from mortar specimens after the
mechanical testing and coated with 10nm gold before the analysis to reduce the charging on the
material surface. Chemically elemental analysis was conducted by using an Oxford Instrument
AZtec integrated EDS system with an X-Max 20mm? silicon drift EDS detector. XRD was
carried out for phase identification. XRD samples were back-loaded into a flat-plate sample
holder and X-ray powder diffraction data were collected in Bragg-Brentano geometry on a
PANalytical X'Pert Pro powder diffractometer, with Cu Ka X-ray radiation and a PIXcellD
detector in continuous scanning mode over the 20 angle range 5-90°. FTIR analysis was
performed to identify the functional group in the cement powder. ATR-FTIR spectra were
collected using a Bruker ALPHA portable spectrometer (Bruker Optiks GmbH, Ettlingen,
Germany) equipped with a single reflection diamond ATR module and DTGS detector. The
diamond crystal has a refractive index of 2.4. Spectra were collected over the region of 4,000

cm ! with the co-addition of 64 scans at a spectral resolution of 400 cm 'L,

3.2.4 Results and discussion
3.2.4.1 Void analysis using micro-CT

The air void volume fraction and the average air void size are summarised in Table 3-2.
A total of five samples were selected for micro-CT scans, including a plain mortar sample, a
0.5% CF, a1.0.% CF, a 0.5% GF, and a 1.0% GF-reinforced mortar specimen. For each sample,
three cross-sectional images (40mmx44mm) at various depths (Omm, 16mm and 32mm) of the
volume of interest (VOI) were evaluated which can be seen in Figure 3-4.

The control sample showed the lowest void fraction, measuring merely 0.48% by volume,
and more than 95% of the void volume was small with less than 1mm3 dimensions. This can
also be seen from the cross-sectional images where the voids are sparsely distributed. In
comparison, the mortar samples with fibres had significantly higher void fractions, ranging
from 6.26% to 8.94%. Within the cross-sectional images of fibre-reinforced mortar, there was
a much greater number of both small voids and large voids. Referring to the results of the flow
table tests, the fibre-reinforced mortar samples had much smaller flow values and poorer
workability compared to the plain mortar sample. Thus, the plain mortar sample was nearly
fully compacted with a few air voids, while the fibre-reinforced mortar samples seemed to be
incompletely compacted with the same fabrication process, which resulted in the formation of
larger voids. As shown in red circles, some small voids joined with each other via a channel

and formed more elongated larger voids. The brighter grey colour regions represent the regions
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where hydration products concentrate as shown in the green circles in Figure 3-4. Small voids
(darker and black dots) had been developed around the hydration zones. As the chemical
composition of fibres, especially carbon fibre, has lower atomic numbers and density compared
to the products of cementitious material, the regions where fibres concentrate appear in a darker
grey colour as marked within the yellow circles. Voids can usually be visualised within and
around the fibre-rich regions, which indicates the existence of fibres and hydration regions

increased the number of ITZ, and therefore, increased the number of voids.

Table 3-2. Summary of air void dimension analysis by Micro-CT.

Control CF05 CF10 GF0.5 GF1.0

Air void volume fraction % 0.48 8.94 7.91 6.26 7.61
Small air void (<1mm?) volume fraction % 0.46 6.06 6.36 3.69 5.64
Small air void (<1Imm?) % 9551 67.83 80.47 5890 74.21
average air void volume mm?® 0.048 0.126 0.099 0.141 0.134
average air void diameter mm 0491 0788 0713 0.784  0.792

Top layer - 0mm Middle layer - 16mm Bottom layer - 32mm

Plain
Mortar

CF0.5
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GFO0.5

Figure 3-4. Cross-sectional images of the volume of interest (red circle: void; green circle:
hydration product; yellow circle: fibre).

The influence of additional fibre on void shapes, especially the formation of elongated
and eccentric voids, was investigated by studying void eccentricity. When comparing voids
with the same volume, it was observed that voids with greater eccentricity tend to exhibit a
larger opening in the primary direction and a smaller radius at the tip, compared to less eccentric
voids. Therefore, this leads to easier crack initiation and higher local stress concentration for
voids with higher eccentricity, as shown in Figure 3-3. The void eccentricity distribution for
the control sample followed the skewed left distribution with an average of about 0.8, which
means the voids were relatively round as shown in the zoomed VOI in Table 3-3. However, the
void eccentricity distributions for the mortar after adding fibres demonstrate bimodal
distributions with one peak around 0.3 to 0.5 and the other peak around 0.7 to 0.9, which
indicates a mixture of round and elongated voids. The carbon fibre samples demonstrate a more
obvious peak at 0.3 to 0.5 and have more elongated voids compared to the glass fibre samples,
confirming the hypothesis that CF is more likely to generate more sub-millimetre voids due to
its shape. The zoomed VVOI images for fibre-reinforced mortar samples show some voids were
stretched in one direction, but more elongated voids were formed due to the connection of
multiple smaller voids. The ITZ between fibres and the cement matrix introduces gaps,
facilitating the formation of small voids along the fibre direction during the curing process.
When a fibre spans between two closely situated voids, it becomes more susceptible to forming
a channel along the fibre direction, thereby connecting the two voids. Hence, the addition of

fibres introduces a higher number of voids and makes the voids more elongated.
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Table 3-3. Void distribution within original and zoomed VOI and eccentricity distribution for

each sample.
Void distribution Zoomed VOI Eccentricity distribution
40x44x32mm 4x4x4mm
(1,000%1,100%800 voxels) (100x100%100 voxels)
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3.2.4.2 Hydrochloric acid effect
Visual inspection, mass loss and compressive strength loss

In this section, the resistance of fibre-reinforced mortars to hydrochloric (HCI) acid

solution was evaluated. The visual inspection of samples at different time intervals and the
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corresponding weight loss after exposure to HCI attack are presented in Figure 3-5 (a). The
progressive deterioration is easily visible over time. The outer layer of specimens was soft and
fragile, with bundles of both carbon and glass fibre visible on the surface. As a result of the
reaction between the chloride ion and the hydration products, pores and white precipitates could
be found on the surface. The formation of calcium chloride decomposed the mortar matrix,
leading to a significant weight loss. Although short fibres reduced compactness and created
voids in the mortar matrix (as discussed earlier), their bridging action compensated for the
increased porosity and slowed down the matrix degradation. As demonstrated in Figure 3-5 (b),
the higher fibre volume in carbon fibre-reinforced mortar resulted in lower mass losses.

Conversely, porosity dominated the rapid deterioration of mortar mixtures containing 0.5% and
1.0% GF.

Plain Mortar 0.1%CF 0.5%CF 1.0%CF 0.1%GF 0.5%GF
(@)
25
m Plain Mortar
20 ECFO0.1
&
:m: 15 CF 0.5
[=]
= CF 1.0
%b 10 GF 0.1
B
5 GF 0.5
JI uGF1.0
0
7-Day 14-Day 28-Day 56-Day
(b)

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 104



Mix Penetration Calculated
Depth D
(mm) (x10°
mm?/s)
Plain mortar 8.7 0.978

Plain mortar  0.1% CF 0.5% CF 1.0% CF 0.1% CF 8.4 0.911
B .o 0.5% CF 8.4 0.911
1.0% CF 8.4 0.911
_neutral 0.1% GF 8.7 0.978
= 0.5% GF 8.9 1.023
-a'k"""e 1.0% GF 9.4 1.141
0.1% GF 0.5% GF 1.0% GF
(©) (d)

Figure 3-5. (a) Visual inspection after 28 and 56-day immersion; (b) Weight loss of mortar
specimens; (c)Penetration depth in 5% HCI: Cross-section using Bromothymol blue; and (d)
Experimental diffusion coefficients.
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Figure 3-6. (a) Mortar samples after compressive test; (b) Compressive strength loss of acid-
immersed mortar samples.

After the treatment period, mortar samples were cut in half to investigate the degree of
acid penetration from the external layers. Bromothymol blue (pH indicator) was applied to the
cross-section to indicate the depth of penetration and the pH value. Figure 3-5 (c) displays
photos of the cut samples with acid penetration. Figure 3-5 (d) shows the values of acid
penetration depth and diffusion coefficients computed using Equation 3-11. Based on the
results, reductions in penetration depth and diffusion coefficient were observed in all CF-

reinforced mortar samples.

The results of compressive strength tests after acid attack are presented in Figure 3-6 (b),
with the samples after testing illustrated in Figure 3-6 (a). After 56 days of exposure to 5% HCI

acid solution, the compressive strength of 0.1% and 1.0% CF reinforced mortar declined by

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 105



77.6%, slightly less than that of plain mortar (78.9% strength reduction). In comparison, the
strength reduction of mortar reinforced with GF varied between 83.4% and 89.5%.

Proposed diffusion model

The acid diffusion phenomenon in this study can be characterised by Fick’s First Law

[57, 58], which is represented as

2 = V(D% V) 3-3

where D is the diffusivity coefficient, C is the acid concentration percentage and t

represent the time. As the diffusivity in mortar is uniform (VD = 0), Equation 3-3 can be
simplified as

ac

Pyl DV?C 3-4

Analogously, conduction heat transfer can be described by Fourier’s law as
pCp 5= V(K x VT) 3-5

where p and Cp are density and specific heat respectively. V is the gradient operator and

k is the thermal conductivity for isotropic conductivity (W m™? K1),

The governing equation can be represented as Equation 3-6 assuming thermal
conductivity is uniform (Vk = 0).

Z—: = al2T 3-6

where a is the thermal diffusivity (m? s1), which equals to k/pCp.
The heat transfer and mass diffusion models share a similar analogy, with both having

identical forms of governing equations. This direct analogy can be expressed through the

equations below.
Temperature (T) = Concentration (C) 3-7
Diffusion coefficient (a) = Moisture diffusion (D) 3-8

Since the acid diffusion process into mortar specimens is assumed to be primarily one-
dimensional through the thickness direction, the analytical solution giving the moisture
concentration C at time t is expressed by Equation 3-9, which has been confirmed by many

previous studies [58-61].
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L= iz C -2 w2 (2n + 1)] 3.9

Coo T n=0 (2n+1)

where C, is the maximum equilibrium moisture concentration (constant surface
concentration), and D is the diffusion coefficient (m?/s). h is the thickness of the mortar, which

can be simplified as:

Clx,t) = Co(l—erf| 3-10

X
zx/ﬁ])
where C(x, t) represents the chloride concentration at penetration depth x and time t.

In terms of diffusion within porous concrete materials, Equation 3-10 can be simplified

as.
X = 4v/Dt 3-11

Mortar specimens absorb acid through the external surface when immersed in acid
solutions. Then the expression is integrated, given the moisture absorption content M, as a

function of time, in the following equation:
8 N7 1 Dt
M, = M, [1 FZMW expl— 2% 72(2n + 1)?]] 3-12

where M, is the maximum equilibrium amount of absorption.

The theoretical diffusion process is depicted as the acid absorption content plotted against
the square root of time (t1 and t2) to establish the initial linear slope, as illustrated in Figure 3-

7. The diffusion process is then approximated by simplifying the equation as 3-13.

M, = Mo, [1—exp [-7.3 (5)°7%] ] 3-13
M, |
Moo
o/
M- M,
M, | slope—v{g_\/H
& 1o G

Figure 3-7. Gravimetric curve of Fickian diffusion process.

For the initial linear part of Fick’s diffusion curve (? <0.28),
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P N2 (MM, -
D=mn ( ) r r) 3-14
For short time period (M/M,, is < 0.5), the equation can be simplified as
M =22 2 3-15

Numerical modelling

In the present study, Abaqus software [62] was employed to perform the numerical finite
element (FE) analysis to simulate the acid diffusion in mortar. As mentioned above, both mass
diffusion and heat transfer can be utilised to simulate the diffusion process due to the analogous
expression of the governing equations. To verify the proposed FE model, a replication of
previous studies from the literature [31] was conducted. Subsequently, this model was
employed to simulate acid diffusion in the current study. The comparison in Figure 3-8 is in
agreement with previously published work, demonstrating a high degree of consistency (R?
above 0.99). This confirms the validity of the modelling approach.

12

——Simulation -32% HCI1 [31] === Simulation -10% HCI [31]
¢ Experiment -32% HCI [31] Experiment -10% HCI [31]
S % Replicated -32% HCI X Replicated -10% HCI
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3
) WWVYXXXXXXXX
1] i Nt
] KKK AR
4 K KKK
p= KKK ¥
SRR KKK KKK
xxxx’xxxxxxxxxxxxx
0

0 5 10 15 20 25
Days

Figure 3-8. Replication of published FE models and experimental results.

The FE 3D models were built with the same dimensions as those of the experimental
cylinder specimens, depicted in Figure 3-9 (a). The experimentally determined acid diffusion
coefficients (Figure 3-5 (d)) and the maximum saturated acid content at equilibrium state
Equation 3-14 were used as input parameters in the FE models for material properties and
boundary conditions. Transient field analysis was chosen as the most appropriate form for FE-
based diffusion modelling as the acid/moisture diffusion process is a transient phenomenon in
nature. The output of mass diffusion analysis was the concentration at integration points
(CONC). A specific post-processing step was performed by Python script to compute the mass
loss curves as a function of time. The penetration simulation that was close to the experimental
penetration depth is shown in Figure 3-9 (b). The experimental results and the simulated values

show a strong agreement (Figure 3-9 (c)), with most of the R? values exceeding 0.95. Using
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this FE modelling approach, the long-term service life of a structure made of fibre-reinforced
mortar could be predicted. The FE simulations yielded higher mass losses over the tested period
and greater variations in the initial diffusion stage. This could be attributed to experimental
uncertainties and higher diffusivities that are solely measured at the final stages of the

experiments.

—— FE-plain mortar — - =FE-0.1CF — — FE-0.5CF
e FE-1.0CF ====FE-0.5GF
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Figure 3-9. (a) Mesh configuration of FE models; FE analysis of (b) penetration depth and (c)
mass loss of acid-immersed mortar

3.2.4.3 Water absorption and dry bulk density

The total pore volume of the fibre-reinforced mortar is examined by the water absorption
test (Figure 3-10 (a)). The density of the mortar increased as reaction products developed over
time (Figure 3-10 (b) and (c)), leading to a reduction in water absorption values at 28 days
before reaching a stabilisation point at 90 days. Fibre-reinforced mortar exhibits a lower density
than plain mortar, which could be explained by the relatively light weight of fibres and the
presence of additional air voids. It is also interesting to note that the mortar containing 1.0%
CF shows better compactness in terms of higher density than the mortar with 0.5% CF. Based
on the observations, the addition of fibres increased water absorption for all the mix
combinations at the ages of 28 and 90 days. Liagat Ali et al. [63] suggested that the inclusion
of fibres could potentially increase porosity by introducing an additional Interfacial Transition
Zone (ITZ) within the matrix, but it might also restrain microcrack formation due to the
additional fibre reinforcement. In this experiment, the effect of ITZ introduction seems to
outweigh the effect on microcrack restraining. The addition of CF slightly increased water
absorption by less than 10%, with the smallest increase observed at 90 days when incorporating
1.0% CF. In contrast, 1.0% GF had a more adverse effect on the water absorption of mortar,
seemingly contributing to the development of larger porosity volumes.
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Figure 3-10. (a) Water absorption; (b) and (c) Dry bulk density.
3.2.4.4 Drying shrinkage

The results of the drying shrinkage test for the fibre-reinforced mortar are shown in Figure
3-11. The shrinkage of mortar incorporated with 0.1% and 0.5% CF exhibited a slight increase,
whereas reinforcement with 1.0% CF resulted in reduced shrinkage. This suggests that a higher
volume of CF effectively limits shrinkage. Upon the addition of GF into the mortar, the drying
shrinkage of all mortar specimens was significantly reduced. Moreover, the strain induced in
the mortar due to shrinkage decreased with an increase in GF concentration. It is widely known
that drying shrinkage occurs when mortar loses capillary water, and that water loss created the
tensile stress. Fibres oriented parallel to the measured length can interconnect the mortar
components, thereby minimising shrinkage strain through the interface shear force. A possible
explanation for the contrasting behaviours of the fibres could be attributed to the smaller
diameter of CF compared to GF and the grooves on the CF surface. This difference has the
potential to promote the formation of sub-millimetre pores. Previous research has demonstrated
that the presence of small pores exerts a significant influence on shrinkage deformation [14,
64].
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Figure 3-11. Drying shrinkage of fibre-reinforced mortar.

3.2.4.5 Surface and bulk resistivity

The electrical conductivity of mortar is considered as its ability to carry the electric
current, which depends on various factors, including mixed materials and moisture content.
This can be attributed to two distinct mechanisms: electrolytic, which involves the mobility of
ionic species generated when the binder is mixed with water, and electronic, which entails the
free mobility of electrons across conductive phases [14, 23, 27]. Based on the experimental
results, the electrical resistivity of mortar increased with increasing curing age. It has been
shown that the water content in the mortar decreases over time, leading to increased compaction
through hydration. This process results in a reduction in conductivity by lowering the mobility
of the ions within the pore solution [65]. The results clearly show that the addition of CF
improved the conductivity by forming a conductive network, while GF did not have a
significant impact on resistivity. With 0.5% and 1.0% CF reinforcement, surface resistivity
dropped from 3.68 kQ.cm of plain mortar to less than 1 kQ.cm at 90 days. Similarly, the bulk
resistivity of mortar decreased remarkably with a higher concentration of CF. At 90 days, the
bulk resistivity of mortars reduced from 1.96 kQ.cm (plain mortar) to 1.84 kQ.cm with 0.1%
CF, 0.61 kQ.cm with 0.5% CF and only 0.15 kQ.cm with 1.0% CF (Figure 3-12 (a)). Figure 3-
12 (b) depicts the relationship between bulk resistivity and surface resistivity of GF-reinforced
mortars at various cured ages. Due to measurement limitations, only three points for each curing
age could be plotted, whereas the coefficient of determination (R?) for the linear trend line was
higher than 0.82, indicating a high degree of correlation between surface and bulk resistivity of
mortar with GF. R? measured at 90 and 120 days was close to 1.0. The correction ratio of bulk
to surface resistivity (slope) is computed to increase from about 0.55 at 7 and 28 days to 0.62
at 90 and 120 days. Prior research has similarly suggested a strong linear correlation between
bulk and surface resistivity [66, 67].
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The correlation between resistivity and mechanical strength offers the potential for
estimating onsite strength without using destructive testing. Figure 3-12 (c) to (f) shows the
compressive and flexural strength of CF- and GF-reinforced mortar at different ages. Figure 3-
12 (g) and (i) show the correlation between both compressive and flexural strength and bulk
resistivity over time (7, 28 and 90 days) for GF- and CF-reinforced mortar. The high R? values
indicate a strong linear correlation between mechanical strength and electrical bulk resistivity.
Nevertheless, the correlation between mechanical strength and surface resistivity in GF-
reinforced mortar was lower (Figure 3-12 (h)), pointing to variability in the data. Quang and
Pratanu [68] have established a relationship between resistivity and compressive strength in
different kinds of concrete mixtures based on a logarithmic equation. Given the limitations of
the data recorded in this study, it is recommended that more experimental results be collected
to formulate accurate equations for determining the relationships between resistivity and
different properties of FRCC.
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Figure 3-12. (a) Bulk Resistivity; (b) Correlation between surface and bulk resistivity; and (c)
to (f) Compressive and flexural strengths of fibre-reinforced mortars; (g) Correlation between
mechanical strength and bulk resistivity of GF-reinforced mortar; Correlation between (h)
mechanical strength and surface resistivity and (i) mechanical strength and bulk resistivity of
CF-reinforced mortar.

3.2.4.6 Microstructural analysis
Microstructural observation after mechanical testing

Figure 3-13 (a) shows the unrestrained growth of continuous microcracks in plain mortar
resulting from mechanical testing. In contrast, the incorporation of fibres effectively limits the

microcrack propagation by forming strong bonds with the matrix. Figure 3-13 (d) to (f) shows
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the microstructural morphology of the interfacial transition zone (ITZ) between fibres and
microcracks formed around fibres, demonstrating the fibres' ability to transfer stress. Small gaps
were observed around the fibres, wherein hydration products adhered to the fibre surface,
thereby improving bonding performance. As shown in Figure 3-13 (g) to (i), two failure
mechanisms observed on the fractured surface were fibre pullout and fibre breakage. Initially,
bridging fibres carried the stress transferred from the matrix through the interface, preventing
further microcrack propagation in the matrix. As loading continued, fibres experienced either
debonding, owing to the fibres’ high tensile strength and shear frictional forces (referred to as
pullout), or fibre breakage, which occurred when the bond strength between fibres and the

matrix was higher.

Table 3-4 shows the elemental composition of selected spectrums on the surface of plain
mortar and fibre-reinforced mortar (Figure 3-13 (a) to (c)). Predominant chemical elements
present in the matrix included calcium (Ca), oxygen (O), carbon (C) and silicate (Si), with
notably higher atomic percentages. Meanwhile, small contents of chemical elements were also
detected, including aluminium (Al) and iron (Fe). Elemental analysis confirmed that the
addition of fibres would not alter the primary chemical elements in the mortar, although the
elemental content could display some variation. It reveals that Ca, O and Si were the principal
elements in the calcium silicate hydrate (CSH) gel products. The presence of the calcium
hydroxide (CH) phase was attributed to a calcium-to-silicate ratio exceeding 2 [69]. This
finding is in line with the XRD results (Figure 3-14 (a)), where the predominant mineral phases
identified were CSH, CH and SiO>. In comparison to spectrum No.1, spectrum No.2 and No.3
have a lower calcium-to-silicate ratio, indicating that more CSH hydration products were
formed near the fibres in fibre-reinforced mortars. Fibres potentially served as nucleation sites,
facilitating the development of hydration products along the fibres’ surface and filling the gaps
(see Figure 3-13 (b) and (c)).
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Figure 3-13. SEM image with spectrums for EDS analysis. (a) Plain mortar, (b) CF reinforced
mortar, (c) GF reinforced mortar, (d) to (f) ITZ between CF and mortar and CF across
microcracks, (g) to (i) CF and GF failure mode in mortar: fibre pullout and fibre breakage.

Table 3-4. Elemental analysis of plain mortar, CF-reinforced mortar and GF-reinforced mortar
samples at 90 days.

Percentage of chemical element by atomic weight (At %)

SPectium — 52 Si Fe Al Mg S K Na Toal
Nol 372 85 45 65 17 1.0 100
No2 432 197 244 92 06 13 12 04 100
No3 439 167 217 7.4 20 18 26 23 16 100

The FTIR spectra of mortar mixes with fibres are shown in Figure 3-14 (b). The
wavenumber of 3634 cm™ represents the O-H stretching vibration of portlandite, while the
wavenumbers of 3515 and 1651 cm™ are identified as the vibration of water molecules [70, 71].
The small peaks at around 873, 1418 and 2334 cm represent the stretching vibration of CO3?>
, which is assigned to CaCOs3 due to the absorption of atmospheric CO, [72-74]. The SO4*
asymmetric stretching vibration of gypsum is observed at the peak at a wavenumber of 1,111
cmt. The peaks around 453, 527, 642 and 955 cm™ are attributed to the Si-O vibration,
indicating the presence of main constituents of cement and the formation of hydraulic products
(CSH) [70, 74, 75]. The band at 780 cm™ wavenumber corresponds to the asymmetric stretching

vibration of SiO», indicating the presence of quartz [76].
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Figure 3-14. (a) XRD pattern and (b) FTIR spectra of fibre-reinforced mortar.

Microstructural observation after acid attack

SEM images in this sub-section show the significant morphological changes in the
mortar samples caused by the acid attack (Figure 3-15). Compared to Figure 3-13, the
homogeneity of the matrix is significantly diminished, and notable microcracks and voids are
visibly formed, indicating the deterioration process of the mortar matrix. Meanwhile, the
interfacial bond between the fibres and the matrix appears to be weakening. Despite this, the
fibres have not dissolved and continue to uphold the structural integrity of the matrix. The
porosity and microcracks created channels, enabling the acid solution to permeate deeper into
the interior layers. This ultimately resulted in a significant reduction in mortar strength. The
chemical reactions caused by the HCI attack were determined by XRD and FTIR tests (Figure
3-16). The C-O-C vibration from COs> was untraceable after immersion in the HCI acid
solution due to the dissolution of carbonates. Meanwhile, the absorption band that appeared at
1,634 cm™* was assigned to physisorbed water on the surface of silica due to the acid attack
[77]. Calcium carbonate and portlandite chemically interacted with HCI acid to form calcium
chloride, which then reacted with silicon dioxide. As a result, a peak of calcium silicates

formed.
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(a) Plain mortar; (b) and (c) CF-reinforced mortar

(d) and (e) GF-reinforced mortar
Figure 3-15. SEM images of mortar samples exposed to 5% HCI acid.
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Figure 3-16. (a) XRD pattern and (b) FTIR spectra of acid-immersed mortar samples.

Overall, porosity is a critical factor in FRCC as it has a great influence on mechanical
and durability properties. In this study, porosity analysis encompassed different pore
characteristics, including the volume fraction of air voids larger than 200um, void eccentricity
and average air void size, as detailed in Section 3.2.4.1 and Figure 3-17 (a). The relatively
elevated air void volume fraction in fibre-reinforced mortar (ranging from 6.26% to 8.94%)
compared to the air void content of plain mortar (0.48%) can be primarily attributed to the
inclusion of fibres. The addition of short fibres reduces the flow value of fresh mortar and leads
to an increased air void volume fraction. Similarly, the small air void volume fraction exhibited
the same trend. These results align with the water absorption findings (Figure 3-17 (b)), which
measure the total porosity of mortar samples, including both air voids and capillary voids.

While fibres can enhance mechanical strength and reduce shrinkage mainly due to their
bonding behaviour in the matrix, their addition can impact the porosity characteristics including
volume fraction, pore shape, and pore size, which affect the mortar's performance. The mortar
with 1.0% CF had higher ultimate compressive and flexural strengths than 0.5% CF-reinforced
mortar (Figure 3-17 (c)). For GF-reinforced mortar, 0.5% GF-reinforced mortar outperformed
1.0% GF-reinforced mortar in terms of overall mechanical performance. The opposite

relationship between air void volume fraction and mechanical strength can be explained by the
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fact that voids can act as potential crack initiation sites, which reduce the mortar strength. After
HCI immersion, 0.5% CF still showed lower compressive strength than 0.1% CF, while GF-
reinforced mortar exhibited much lower compressive strength. The average size of air voids
also plays a role in this process. Generally, an increase in average air void volume reduces the
mechanical and durability characteristics by inducing more significant stress concentration sites
and fosters the formation of interconnected voids, facilitating the penetration of acidic solutions.
Consequently, this accelerates deterioration following exposure to HCI acid. Additionally, this
study demonstrated that the drying shrinkage is also influenced by the elongated voids
generated by fibres, as shown in Figure 3-17 (d). The void eccentricity valued at 0.3 to 0.5
indicated more elongated voids. For both CF and GF-reinforced mortar, the decreasing
percentage of elongated voids led to a reduced length change percentage in terms of shrinkage.
In addition, the SEM images of ITZ in Figure 3-13 explain the findings micro-CT results
concerning void eccentricity, given the observed small gaps between fibres and cement matrix

(as discussed in Section 3.2.4.1).
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Figure 3-17. Evaluation of porosity and impacts on the mortar performance.
3.2.5 Summary of key findings from Section 3.2

In this study, void dimension and eccentricity distribution analysis in cementitious

composites reinforced with short carbon and glass fibre were investigated using micro-CT. The
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properties of voids were analysed quantitatively in a three-dimensional manner to understand

their influences on mortar performance. Furthermore, this research explored the effects of acid

diffusion on mortar through experiments and finite element simulations. The relationship

between microstructures and various properties, including mechanical, durability, and electrical

properties, was also discussed throughout the paper. The following outcomes can be drawn

from this research:

The inclusion of fibres led to the introduction of more air voids in the mortar. Compared
to 0.48% air voids in plain mortar, fibre-containing mortars exhibited void contents
ranging from 6.26% to 8.94%. Higher air void volume fraction and larger air voids result
in lower mechanical strength and reduced durability performance. Raising the fibre
concentration to 1.0% reduced drying shrinkage due to increased shear strength between
fibre and matrix. A higher fibre volume fraction could effectively limit drying
shrinkage. As fibres were added, elongated voids formed around the fibres due to
stretching or the merging of small voids. VVoids with lower eccentricity were identified
as contributing factors to an increased length change in shrinkage. The results also
demonstrate a greater occurrence of elongated voids in specimens containing CF,
attributed to its shape, when compared to those with GF. Future research is needed to
investigate the interface transition zone between fibre and cementitious matrix, along

with the impact of capillary pores on shrinkage behaviour.

The acid resistance of fibre-reinforced mortar in acidic conditions was examined via
experimental and numerical approaches. Mortar containing 1.0% carbon fibre exhibited
the lowest weight loss, compressive strength reduction, and diffusion coefficient, as
validated by FE modelling. Carbon fibre’s bridging action compensated for porosity and
decelerated matrix degradation. Conversely, for mortar mixtures containing 0.5% and
1.0% GF, porosity was the key factor driving rapid deterioration, allowing the acid

solution to penetrate deeper into the interior layers.

The addition of CF contributed to an improvement in the mortar's electrical
conductivity. With an increase in CF content to 1.0%, the electrical resistivity decreased
to below 1 kQ.cm. Notably, a strong correlation was observed between bulk and surface

electrical resistivity in fibre-reinforced mortar.

Future studies could use micro-CT at a higher resolution to further visualise the FRCC

voids of sub-micron size, which provides a more detailed and accurate analysis in
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addition to the pore size distribution. In-situ micro-CT is expected to observe the
development of elongated voids during the FRCC curing process and investigate the
acid attack process. Further research is recommended to investigate the local stress
distribution surrounding the elongated voids and their impacts on mechanical

performance.

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 120
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3.3.1 Abstract

With the growing applications of carbon fibre-reinforced cementitious composites
(carbon-FRCC), X-ray micro-computed tomography (micro-CT) has become essential for
evaluating their internal microstructures. However, analysing carbon fibres in the cementitious
matrix using X-ray imaging is challenging due to poor phase contrast and image noise. This
study contributes to the development and application of a 3D second-order Gaussian kernel in
X-ray micro-CT analysis, specifically tailored for detecting voids and carbon fibres in
cementitious materials. A novel Anisotropic Gaussian filtering was developed to achieve
precise and sharp boundaries between fibres and the matrix. Higher accuracy was verified,
which outperformed conventional methods across performance metrics, confirming the
effectiveness of the proposed segmentation framework. The study also demonstrated the
successful application of the proposed Gaussian filtering for void analysis and detecting the
spatial location of carbon fibre bundles. These advancements led to more reliable feature
analysis, expanding the applicability of X-ray micro-CT for examining internal features in
carbon-FRCC.

Keywords: X-ray micro-CT; Non-destructive testing; Fibre-reinforced cementitious

composite (FRCC); isotropic and anisotropic Gaussian filter; fibre orientation; void analysis
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3.3.2 Introduction

X-ray micro-computed tomography (micro-CT) is a non-destructive radiographic
imaging technique that enables detailed visualisation and analysis of the internal three-
dimensional (3D) geometry of materials. The use of CT-scan technology in civil engineering
emerged as a pioneering tool during the 1980s through rock mechanics and mineralogy
research, and it has since expanded to study various construction materials and composites for
material microstructural analysis in the field [78]. Cement-based materials, such as concrete
and mortar, are ubiquitous in the construction industry due to their advantages of cost-
effectiveness, high compressive strength, and long-term durability [79, 80]. Concrete is made
up of various raw ingredients that, upon curing, form distinct phases within its structure, such
as aggregates, the cementitious matrix, hydration products, voids, and other additives. The
inherent complexity of this multi-phase system requires examining its microstructural
characteristics to understand the material’s properties and behaviour. Various microstructural
analysis techniques are employed for this purpose, but each has limitations in its application.
For example, scanning electron microscopy (SEM) with Energy Dispersive X-ray spectroscopy
(EDS) has been used for particle surface characterisation, interfacial transition zone (ITZ)
analysis, and elemental ratio analysis [81, 82]. However, SEM only provides two-dimensional
surface images and is limited by sample size. X-ray diffraction (XRD) is used to identify
crystalline phases and quantify hydration products [83-85]. Fourier transform infrared
spectroscopy (FTIR) evaluates hydration or carbonation products through bond characterisation
[86]. While both techniques provide valuable chemical information, they require sample
extraction and preparation and do not offer insights into the internal structure of the material.
To characterise pore size distribution, mercury intrusion porosimetry (MIP) and backscatter
SEM are commonly used techniques [87-89]. They provide statistical measurements for both
nano-scale capillary pores and large air voids. SEM also allows visualisation and investigation
of the relationship between pores and other microstructural features [88]. However, these
techniques are categorised as destructive methods and have limitations in revealing the
morphological and volumetric features of individual pores, such as shape and spatial position
[90]. To address the gap in understanding the 3D internal structure and spatial relationships
within cement-based materials, X-ray micro-CT distinguishes various components of

cementitious materials based on their differential X-ray attenuation coefficients.

Among the critical microstructural characteristics of cementitious materials, porosity

significantly influences mechanical properties, freeze-thaw durability, and transport properties
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such as electrical conductivity, chloride diffusivity, and permeability [40, 89, 91-93]. Previous
studies have demonstrated that pore size distributions, particularly capillary pores, affect
shrinkage and swelling behaviour due to the strong pore water pressure [51, 94]. X-ray micro-
CT imaging allows for the segmentation of cementitious materials into solid and pore phases
[95]. The excellent contrast differentiation between air voids and the cementitious matrix
facilitates void segmentation, enabling visualisation and quantitative analysis of individual void
shape, size, and spatial position. This quantitative void data allows for exploring the correlation
between void distributions and the mechanical behaviour of cementitious material, as well as
the evolution of void formation, damage, and cracking within the materials [95-97]. Within the
solid phase, further distinctions can be made between aggregates, cement hydration products,
and other additives such as carbon fibres and steel fibres [90, 95, 98, 99]. Currently, the
investigation of fibre-reinforced cementitious composites (FRCC) remains an active area of
research [100, 101]. X-ray micro-CT serves as a powerful tool for visualising and quantifying
the spatial distribution and orientation of fibres within the matrix. Segmentation is a crucial step
for accurate phase detection from reconstructed X-ray micro-CT tomograms. However, it
remains a challenging research area, particularly when dealing with low-contrast images where
phases overlap in grey values. Such overlap reduces the effectiveness of conventional
segmentation methods, highlighting the need for advanced techniques to improve phase

detection.

In recent years, machine learning (ML) approaches have rapidly developed and are
increasingly being used for the segmentation of composite fibres. Xu et al. [102] employed in-
situ automated microtomography segmentation to quantify pore and polyvinyl alcohol fibre
characteristics in cementitious composites. Among six representative supervised ML models,
the random forest model showed highest segmentation accuracy and computational efficiency
in processing 3D tomographic data. Deep learning methods, such as convolutional neural
networks (CNNs), have been applied for image segmentation in this application. Hong et al.
[103] proposed a novel deep learning model based on the DeepLabV3+ network for automatic
segmentation of short glass fibres from FRCC, which outperformed traditional segmentation
methods by achieving a segmentation accuracy of 99.3% and aiding in fibre distribution
identification. In addition, Badran et al. [104] applied a CNN architecture (FCDenseNet,
Dragonfly toolbox) to achieve a 98% accuracy in phase segmentation of fibre-reinforced
ceramic composites based on shape and edge features instead of depending on image intensities.

ML offers significant advantages in the automated and accurate recognition of complex features
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within the matrix, leading to more precise segmentation. Its adaptability to diverse datasets
makes it particularly effective for handling complex tasks, over traditional methods. The
computational time required for ML process depends on various factors, including task
complexity, the size and number of data, and the availability of hardware resources. Despite the
benefits of the above-mentioned ML approaches, one of the key challenges in 3D image
segmentation using supervised learning methods is the need for high-quality data labelling [104,
105]. To overcome this challenge, a semi-automatic labelling approach was developed,
developed that combines k-means clustering for initial segmentation of 2D concrete tomograms
with subsequent manual refinement [106]. Future work also includes the development of semi-
supervised or unsupervised learning approaches [107].

While machine learning approaches typically require large training datasets to avoid
overfitting, rule-based algorithms offer a simpler and more precise solution for segmenting
cylindrical fibres from the cementitious matrix. Effective segmentation methods can also serve
as preprocessing methods for ML. Mileti¢ et al. [108] proposed a novel image processing
technique for analysing ultra-high-performance fibre-reinforced concrete (UHPC). Their
approach leverages the local intensity gradient of fibres to determine their spatial distribution
and orientation within the cementitious matrix. The developed two-step segmentation technique
incorporates edge-preserving filters to reduce image noise while maintaining fibre boundary
definition, resulting in highly accurate volumetric estimation of fibre content. Gao et al. [109]
utilised X-ray micro-CT to construct 3D models for determining the volume fraction of carbon
fibre bundles. They also captured consecutive layer images, which allowed for the identification
of various morphologies, such as carbon bundles and sub-millimetre pores, based on greyscale
analysis. Additionally, fibre planar and spatial distribution were identified to further describe
the carbon fibre distribution [98]. While X-ray micro-CT imaging and analysis offer insights
into the fibre distribution and void features in carbon-FRCC, the limitations and uncertainties
should be acknowledged: (i) due to the smaller diameter and lower density of carbon fibres
compared to the other fibres (such as steel), distinguishing them from cementitious materials
could be more challenging in the presence of high noise level and low contrast, (ii) as
demonstrated in Gao et al. [109]’s study, the accuracy of their identification was highly
dependent on the selected greyscale thresholds, and achieving precise greyscale determination
required supplementary techniques, such as SEM, to capture images at specific locations, and
(iii) further optimisation of the processing method should be developed to enhance the

identification accuracy of carbon fibre bundles. Commercial image processing software was
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used to optimise and analyse X-ray micro-CT images. However, the efficiency and accuracy of
the applied filters for detecting carbon fibres still need to be validated.

Current X-ray micro-CT based approaches for measuring 3D Fibre Orientation
Distribution (FOD) fall into two main categories: single fibre segmentation and local
orientation analysis [110-113]. The first type of algorithm focuses on segmenting individual
fibres. Once segmented, the centreline of each fibre can be tracked, allowing for the calculation
of the complete FOD. However, this method requires manual validation and deals with many
false detections, making it impractical for large volumes. It also needs very high-resolution and
high-contrast images to ensure the accuracy of the results. Commercial image processing
programs, such as Dragonfly, Avizo, VGSTUDIO MAX and ImageJ, are increasingly available
for advanced segmentation applications [114-117]. For example, ImageJ with its macro has
been used for root segmentation in soil matrix based on the shape and greyscale detection, while
offering plugins for application-specific needs [114, 118, 119]. Dragonfly has also been
successfully applied for fibre distribution and pore connectivity analysis in fibre-reinforced
composites [104, 116, 120]. OpenFiberSeg is another open-source tool that demonstrates its
advantages in fibre tracking and segmentation, which achieved an average segmentation
precision of 93.1% on per-voxel basis [116]. However, it has limitations when it comes to fibres
with significant curvatures. Several limitations of these commercial software and programs
include: (i) limited accessibility for researchers due to high costs or academic-only licensing
restrictions; (ii) limited flexibility for customisation and specialised workflows; and (iii) the
processing algorithms applied in the program often present challenges for result validation and
case-specific algorithm tuning to achieve accuracy and reliability. Therefore, developing an
accessible implementation directly for carbon-FRCC with reduced computational time is one
of the objectives of this paper. Instead of detecting and tracking individual fibres, the second
method derives the FOD through global measurements. It is especially beneficial when spatial
resolution is not very high. Popular algorithms for this type include the Anisotropic Gaussian
filter, Hessian matrix, and structure tensor calculation [111, 121, 122]. In the case of 2D images,
Keilmann et al. [121] improved efficiency and accuracy of Anisotropic Gaussian filters by
combining low memory usage with minimised interpolation errors through axis-aligned
filtering and in-place processing, which outperformed the established structure tensor and
Hessian matrix on synthetic fibre images including the bent fibres. While the Anisotropic
Gaussian filter demonstrated a merit performance in 2D applications due to simpler unit circle

sampling and less time-intensive, it exhibited lower accuracy compared to Hessian matrix and
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structure tensor-based methods when evaluated on 3D synthetic datasets [122]. Pinter et al.
[111] further examined these methods by comparing their error estimation and testing
procedures. They concluded that the structure tensor method yielded the best results, exhibiting
minimal deviations of only 0.6% for glass fibre reinforced polymers (GFRP) and also
performing well with low-contrast images of carbon fibre reinforced polymers (CFRP). The
Hessian matrix method provided better results for curved fibres. The Anisotropic Gaussian filter
method showed its advantages in computational efficiency and requiring the least working
memory, while its accuracy was related to the number of angles analysed. The lower
computational cost of using Anisotropic Gaussian filter in the examination of FRP composites,
along with the opportunity for enhanced precision, makes it particularly interesting for

investigating low-contrast 3D images of other materials, such as carbon-FRCC.

This work primarily contributes to the development and application of a 3D second-order
Gaussian kernel in X-ray micro-CT analysis, specifically tailored for detecting voids and carbon
fibre in cementitious materials ranging from micron to macro levels. The proposed approach
enhances the robustness of segmentation against noise and improves contrast between voids,
fibres and the surrounding cementitious matrix based on volumetric X-ray micro-CT images.
The application of Isotropic Gaussian filtering for void analysis in carbon-FRCC is illustrated
in Section 3.3.4.1. Furthermore, by leveraging characteristics and optimising parameters of the
Anisotropic Gaussian filter, the proposed Anisotropic Gaussian method achieves more precise
and sharp boundaries between carbon fibres and the cementitious matrix, facilitating accurate
fibre segmentation. This enhancement further advances the microstructural analysis of carbon-
FRCC, enabling more reliable quantification of carbon fibre orientation and spatial positions.
The new Anisotropic Gaussian method, with its noise reduction capability, is mathematically
derived and proven in Section 3.3.3.2. The section details the theoretical foundations and
operational principles of the algorithm. To evaluate the efficacy of this proposed method, its
segmentation accuracy is quantitatively assessed against conventional methods using various
performance metrics, with ground truth data as a benchmark (Section 3.3.4.2). Results
consistently showed the superior performance of the proposed method across two different
scales. Following validation, Section 3.3.4.3 illustrates the practical application of our refined
Anisotropic Gaussian approach. In this paper, Isotropic Gaussian filtering is employed for void
characterisation and distribution, while the proposed Anisotropic Gaussian filtering is utilised

to detect the orientation, length and spatial location of carbon fibre bundles within a
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cementitious matrix. The feasibility and effectiveness of these proposed methods are
thoroughly validated.

3.3.3 Materials and methodology
3.3.3.1 Sample preparation

This section describes the experimental samples used for microstructural characterisation,
which were subjected to X-ray micro-CT scanning. A 50x50x50 mm?3 carbon-FRCC block with
1 vol.% short discrete carbon fibres (6mm in length) was prepared for void analysis (Figure 3-
18 (a)). Carbon fibres were manually chopped for use as reinforcing materials in the
cementitious composite. These fibres were sourced from a 300gsm T300 grade carbon fabric
reinforcement sheet, which possesses a tensile strength of 3,000 MPa and a tensile modulus of
210 GPa. Each individual carbon fibre has a diameter of approximately 8 um and a density of
1.8 g/cm3. The FRCC specimen was prepared using general-purpose cement (type GP) as
specified in AS3972 [44] and Macka’s sand (less than 0.6mm) that complies with AS2758.1

[45], with a cement-to-sand-to-water weight ratio of 1:1.5:0.55.

Two smaller samples (50x20x15mm?) embedded with carbon fibres were prepared for
fibre characterisation, using a cement-to-water ratio of 0.55. The carbon fibre bundles and strips
were extracted from the same fabric reinforcement sheet. As displayed in Figure 3-18 (b) and
(c), the sample labelled 'C-Bundle’ contained three carbon fibre bundles embedded at intervals
within the cementitious matrix. Each carbon fibre bundle has a diameter of 1 mm. Another
sample labelled 'C-Strip' contains three carbon fibre strips, each 5 mm wide. These two samples
feature two different sizes of carbon fibre elements for X-ray micro-CT examination. The blue
and red markers indicate the placement of the carbon fibre components within the cementitious

matrix.

~
|

short carbon fibres

(@)
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Figure 3-18. Samples for X-ray micro-CT analysis: (a) Cementitious composite reinforced
with 1 vol.% short carbon fibres, (b) Carbon fibre bundles and strips embedded in the
cementitious matrix, and (c) Schematic side view illustrating carbon fibres positioning.

3.3.3.2 Methodology

X-ray micro-CT scans were conducted using a Bruker Skyscan 2214 system at the Sydney
Microscopy and Microanalysis Centre. The scanner, equipped with a 180 kV/15 W X-ray tube
and a 12-bit Hamamatsu flat panel detector, provided high-resolution imaging capabilities. This
section outlines the technical parameters of the X-ray micro-CT system, along with the detailed

procedures for image acquisition, processing and our proposed Gaussian filtering.
Image acquisition

Samples were mounted on a custom holder, with particular emphasis on precise centring
and alignment with the rotation axis. This exacting setup process was critical for achieving
optimal spatial resolution, maximising magnification, and ensuring the highest possible
accuracy in the reconstructed images. For the carbon-FRCC sample (Figure 3-18 (a)), scans
were performed at 120 kV with a beam current of 100 pA, using a 1 mm copper filter. Each
sample was scanned through a full 360° rotation with a 0.2° rotation angle per step. A 40 pum
pixel resolution was adjusted to obtain the entire volumetric view. For smaller cementitious
samples embedded with carbon fibres (Figure 3-18 (b)), scans were conducted at 120 kV with
a beam current of 70 pA, utilising a 1 mm aluminium filter and a 0.075 mm copper filter. The
scans progressed at 0.8° rotation per step until completing a full 360° rotation. A 27 um pixel
resolution was found to be the best fit for fibre feature detection, allowing the features to be

visualised from the CT images. Bruker NRecon software was employed for 3D reconstruction,
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generating a stack of greyscale images representing cross-sections along the vertical axis of the
sample.

The following image processing and feature segmentation were programmed using
MATLAB [123]. Two Gaussian filters were applied separately for different cases: an Isotropic
Gaussian filter for void analysis on a 50x50x50 mm? carbon-FRCC sample and a proposed
Anisotropic Gaussian filter tailored for carbon fibre characterisation on smaller mortar samples
embedded with carbon fibre features. The detailed framework is elaborated in the following

sections.
Isotropic Gaussian filter and void analysis

The images were loaded, and a 3D image stack was created by reading a series of images,
which was then cropped to focus on the region of interest (ROI) with 1000x1100%800 voxels.
The typical 3D Isotropic Gaussian filter was applied to smooth the image and improve the ratio

of signal to noise, where it is defined as:

L exp (— #xTx) 3-16

(2m)203

g(x;0) =

where X is the position vector (a spatial coordinate) in 3D space, and the Isotropic
Gaussian filter is defined only by a single scale parameter, 6. The mean intensity of the cross-
sectional image was used as a threshold to further smooth out the cementitious matrix regions,
creating a binary image. Due to variations in pixel intensity and contrast, a local adaptive
threshold algorithm using first-order statistics was applied to binarise the image and segment
voids from the background. To address the issue of larger voids not being fully closed, a low
global threshold was applied to separately identify large voids, which were then added to the
binarised image from the local adaptive thresholding. This combination of local adaptive and

global thresholds provided an effective segmentation for both large and small voids.
Proposed Anisotropic Gaussian filter and fibre characterisation

The image processing involved separating the sample from the background and
distinguishing features within the sample. Otsu’s threshold method segmented darker regions
from lighter ones based on pixel intensity [124]. Misidentified pixels were corrected using
morphological operations. Morphological operations, specifically closing (imclose) and erosion
(imerode), were sequentially applied to the binary images: the closing operation filled small
gaps and connected fragmented features, while the subsequent erosion removed small noise and

refined feature boundaries while preserving the main feature. The images were then rotated to
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align the vertical boundary in the y-direction. This background removal and alignment enabled

more accurate measurement of carbon fibre positions and orientations.

A typical 3D Anisotropic Gaussian filter can be defined in Equation 3-17 by both scale
parameters, o, and elongation factor ¢p. The direction of the Anisotropic Gaussian filter is
controlled by rotation matrix R [111]. The angles 6, and 6, were defined as the rotation
applied around the x- and y-axis. When the origin filter direction is defined with 6, and 6, both
to 0.0, the major axis extends along the z-axis with a factor of ¢, while the x- and y-axes act as
the symmetric minor axes of the filter. To better suit the carbon fibre detection scenario, this
study proposes a novel 3D filter by summing the second derivatives of this typical Anisotropic
Gaussian filter as defined in Equation 3-18. The new coordinate system with u, v, w represents
the three major axes for the proposed anisotropic filter after rotation. This study defined o as
the number of pixels of estimated fibre radius r. The typical volumetric view of the primary
segmentation can be visualised in Figure 3-19. The iso-surfaces are represented as ellipsoids
elongated along the z-axis, with symmetric minor axes along the x- and y-axes. The image
intensity plot reveals an annular region with negative values surrounding a central peak, which
aids in contrast enhancement by emphasising the differences between regions of varying
intensity. To eliminate minor noise distributed throughout the sample, the volume of each
identified object was measured. Only the largest objects were retained as desired features, while
the smaller ones were discarded. A comparison between different filtering methods is discussed
in Section 3.3.4.2.

1 0 0
1 1
9(x a,gb,@x,ey) :ﬁexp (—ﬁxTRT 0 1 (32 Rx) 3-17
00 ¢

where

1 0 0 cosf, 0 —sind,
R=Rx(9x)Ry(9y),Rx(9x)=[0 cosf, —sin@x],Ry(By)= 0 1 0 |, ¢
0 sin6, cos6, sinf, 0 coso,

>1

ud+vi 2

9"(%0,6,,6,) = 20%- (2~ 2) - g(x;0,,6,,6,) 3-18
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Figure 3-19. Iso-surfaces and the image intensity at the x-y plane for the proposed anisotropic
kernel in this study (c=4, $=2).

3.3.4 Results and discussion

This section presents the results of applying the proposed Gaussian filter and image
processing framework and the discussion and analysis of the outcomes. In Section 3.3.4.1, void
analysis is performed after applying the Isotropic Gaussian Filter to the X-ray micro-CT image
processing of the carbon-FRCC specimen. This is followed by the identification of the void
system, including the analysis of volume percentage, size distribution, and eccentricity
distribution. In Section 3.3.4.2, the accuracy of fibre segmentation using the proposed
Anisotropic Gaussian Filter is evaluated through a confusion matrix and performance
evaluation metrics and compared against other filtering methods. Subsequently, the validated
method is employed for detecting and characterising multiple carbon fibre features within the

two cementitious matrix specimens in Section 3.3.4.3.

3.3.4.1 Isotropic Gaussian filtering for void analysis in carbon-FRCC

Pore structures in cementitious materials can be classified into gel pores, capillary pores,
and air voids [88-90, 95, 97]. Gel pores are tiny pores within the structure of calcium silicate
hydrate (C-S-H) gel, typically measuring less than 10nm in size. Capillary pores are formed
when there are residuals of water-filled spaces in the fresh cementitious paste after hardening
and curing [88]. They are nano-scale and micro-scale pores with sizes up to 100um [90]. Air
voids are introduced due to incomplete compaction and are relatively large in size with more

than 10um [89]. Entrained air voids are smaller than 1,000um, while entrapped air voids are
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larger than 1,000pum [51]. As the resolution of X-ray micro-CT is limited by the size of the
samples and the equipment, the features of capillary pores are commonly incorporated into the
solid phase and cannot be distinguished [97, 125]. In this study, X-ray micro-CT primarily
captured the small entrained and large entrapped air voids, allowing for the visualisation and

quantitative analysis of the void system.

As shown in Figure 3-20, a 3D Gaussian filter is applied to smooth the image and reduce
noise. To enhance the contrast and sharpness between the mortar matrix and the voids, the mean
intensity of the cross-sectional image was applied as a threshold. This process further refined
and smoothed the mortar matrix regions. The intensity and contrast of voids can fluctuate due
to factors such as void size and the intensity of the surrounding mortar matrix. To account for
these variations, a local adaptive thresholding algorithm utilising first-order statistics was
applied. This algorithm adjusted the threshold based on local image characteristics, effectively
separating the voids from the cement matrix. While the smaller voids were segmented
accurately, the larger voids remained partially open at the centre. To resolve this, a lower global
threshold was applied to isolate the larger voids. These voids were then integrated into the
binarized image produced by local adaptive thresholding, achieving a more precise

segmentation

Isotropic Gaussian filtering
for noise reduction

Mean intensity thresholding
for matrix smoothing

Local adaptive thresholding &
Global thresholding for large voids

Figure 3-20. Workflow of the image processing steps used for void detection.

Table 3-5 presents the outcomes of the void analysis, with the visualisation of the void
system shown in Figure 3-21 (a). A total of 45,040 voids were identified, with individual voids
determined based on the three-dimensional connectivity of the voxels. A binary image stack
was created to represent these filtered voids, with each voxel within a void set to 1. This binary
image stack enabled the calculation of the void volume fraction by summing the binary values
and dividing by the total number of voxels, thus providing a quantitative measure of the void

content in the cementitious composite. In this carbon-FRCC specimen, 7.91% of the volume
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consisted of voids, with 2.52% smaller voids less than 0.125 mm?. Each void volume was
identified, as shown in Figure 3-21 (b), which presents both the percentage of voids for each
specific volume and the accumulated percentage. The rapid rise and plateau of both curves
indicate the significant contribution of smaller voids, with around 50% of the voids being
smaller than 0.417 mm3. The average avoid volume was calculated as 0.099 mm3. In addition,
the void diameter distribution is captured in the bar chart in Figure 3-21 (c). Most voids have
diameters between 0.3 to 0.6 mm, with a peak in the 0.4 to 0.5 mm bin. As the void diameter

increases, the number of voids sharply decreases, indicating fewer large voids.

The shape of each void was estimated using its two principal axes, which describe its 3D
geometry. The eccentricity of each void was calculated by taking the ratio of the length of the
minor axis to the length of the major axis of the ellipsoid that best approximates the void,
providing a measure of how elongated or circular the void is. A lower eccentricity (value close
to 0.0) indicates a more spherical shape, while a higher eccentricity (value close to 1.0) suggests
amore elongated shape. A bimodal distribution was observed in Figure 3-21 (d), indicating two
peaks in the voids’ eccentricity distribution. More round voids were found at the peak around
0.81 to 0.87, while elongated voids were found around 0.34 to 0.40, suggesting the impact of
fibre inclusion on the void shape. It was observed that when a fibre bridged two nearby voids,
it created a channel along its length, effectively linking the voids. As a result, the presence of
fibres not only increases the number of voids but also elongates their shape. The porosity
distribution and the presence of elongated voids both affect the performance of FRCC

performance, as discussed by the authors in their previous study [101].

Table 3-5. Summary of void analysis.

Void percentage  Percentage of voids (< 0.125mm3)  Average volume of voids

7.91 vol.% 2.52 vol.% 0.099 mm3
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Figure 3-21. (a) 3D visualisation of the void system; (b) Void volume percentage; (c) and (d)
Void diameter and eccentricity distribution.

3.3.4.2 Comparative analysis of carbon fibre segmentation using different
filtering methods

As mentioned in Section 3.3.3.2, the proposed anisotropic Gaussian filtering was
developed to enhance the detection and segmentation of carbon fibres within the cementitious
matrix, based on its directional characteristics and improved detection accuracy. This section
compares three different filtering methods: Direct Binarisation, Isotropic Gaussian and our
proposed Anisotropic Gaussian tailored for detecting carbon fibre in the cementitious matrix.
As shown in Figure 3-22 (a), X-ray micro-CT images were 8-bit images with pixel intensity
values ranging from 0-255. In the Direct Binarisation method, an arbitrary greyscale threshold
of 92 was found to be a reasonable criterion to binarise the images and perform the primary
segmentation. In the Isotropic Gaussian method, a 3D Gaussian filter with single scale
parameter o, as defined in Equation 3-19 and shown in Figure 3-22 (b), was applied to smooth
the image and mitigate the impact of noise on fibre segmentation. The scale parameter ¢ dictates
the size of the filter, and in this context, ¢ is defined as the number of pixels of r but not
exceeding 5. For example, the diameter of small fibre bundles was estimated in the scale of less
than 100um, and therefore the number of pixels for diameter is approximately 4 pixels
(=100/27) and ¢ was assigned as 2 for radius. In contrast, for large fibre bundles whose diameter

was about 1000um, ¢ was assigned as 5. In comparison to the Isotropic Gaussian filter, the
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typical Anisotropic Gaussian filter in Figure 3-22 (c) incorporates an elongation factor ¢, which
enables the filter to elongate along a single major axis, thereby more closely matching the shape
of carbon fibre. The parameters used in the proposed Anisotropic Gaussian filter are identical
to those in the typical Anisotropic Gaussian filter, while the new filter generates an annulus of
negative values in the x-y plane (refer to Figure 3-19), in contrast to the typical filter. This
characteristic of the modified Anisotropic Gaussian filter results in a much sharper boundary
between features and the matrix (Table 3-6). Following the individual application of these
filters, a similar threshold binarisation procedure was employed to clean the noise from the
images. The sharper boundary produced by the proposed Isotropic Gaussian filter facilitated

easier separation through binarisation and enhanced the effectiveness of the noise-cleaning

process.
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Figure 3-22. (a) Pixel intensity histogram in the Direct Binarisation; Iso-surfaces and the
image intensity at x-y plane for: (b) Isotropic Gaussian kernel and (c) Anisotropic Gaussian

kernel.
The segmentation accuracy of predictions using Direct Binarisation, Isotropic Gaussian,

and the proposed Anisotropic Gaussian methods was analysed against the ground truth. The
performance of these filtering methods was evaluated and compared using a confusion matrix
and various evaluation metrics: sensitivity (precision and recall), accuracy index, dice
coefficient (F1 score) and Jaccard index (Uol — union of intersection). The calculation of these
elevation metrics is defined by the equations in Figure 3-23 (a). To illustrate their applicability
to both carbon fibre bundles and strips, the segmentation accuracy was tested as given in Figure
3-23 (b) and (c). All three filtering methods exhibited relatively high accuracy in correctly
detecting fibre voxels, ranging from 97.29% to 98.86%. Remarkably, the proposed Anisotropic
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Gaussian method consistently outperformed both Direct Binarisation and Isotropic Gaussian
methods. Specifically, our developed method demonstrated superior precision (87.70% for
carbon fibre bundle and 92.90% for carbon fibre strip), dice coefficient (87.36% for carbon
fibre bundle and 91.81% for carbon fibre strip), and Jaccard index (77.56% for carbon fibre
bundle and 84.86% for carbon fibre strip). These results indicated more accurate detection of
carbon fibres from noise and background, and a greater overlap between predictions and the

ground truth.

The images of ground truth and processing results after applying different filters are
presented in Table 3-6 and Table 3-7. The cropped volumes of interest (\VOIs) for carbon fibre
bundles and strips embedded in the cementitious matrix sample, measuring 548x176x86 pixels
and 691x261x207 pixels respectively, were selected for representative analysis. These
volumetric and cross-sectional images provide direct visualisation of the carbon fibre bundle
and strip detection, supporting the findings of accuracy. Compared to Direct Binarisation, the
Isotropic Gaussian method effectively reduced noise and smoothed feature edges. However,
some inaccuracies in 3D segmentation and 2D cross-sectional views remained. The red circles
in the column of the proposed Anisotropic Gaussian method (in both Table 3-6 and Table 3-7)
show that this novel method was able to capture the entire structures of carbon fibres, including
tipping ends and uneven edges, and could accurately predict the original shape. In addition, to
illustrate the improvement in segmentation performance with the proposed method,
comparative greyscale histograms for the large fibre bundle sample were plotted and analysed
(Figure 3-23 (d)). The Otsu thresholding method was applied to cross-sectional images both
before and after filter processing to determine the optimal threshold for distinguishing the
feature from the background. As shown in Figure 3-23 (d), the unfiltered image exhibits
background noise and poor feature distinction, evidenced by the overlapping pixel intensity
distributions shown in red. Both isotropic and anisotropic methods can produce bimodal
distributions; however, our proposed anisotropic method exhibits more pronounced peak
separation. This is evident from the green distribution peaks, which display a greater distinction
between the feature and background intensity ranges. The lack of clear intensity peak separation
hinders effective segmentation, whereas the better results achieved in Table 3-6 in the row
"Cross-section view after binary,"” demonstrate that the anisotropic filter is more reliable for
determining an optimal threshold and enabling effective feature segmentation. Consequently,
the proposed method better fits the fibre shapes within the cementitious matrix, improves the

resistance to noise interference and increases accuracy compared to other filtering techniques.
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images.
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Table 3-6. Volumetric and cross-sectional views of processing images after applying different
filters (Carbon fibre bundles embedded in the cementitious matrix).

Ground Truth Direct Isotropic Proposed
Binarisation Gaussian Anisotropic
Gaussian
Cropped VOI:
548x176%86
pixels

Segmentation

Cross-section
view after filter
processing

Cross-section
view after binary

Table 3-7. Volumetric and cross-sectional views of processing images after applying different
filters (Carbon fibre strips embedded in the cementitious matrix).

Ground Truth Direct Isotropic Proposed
Binarisation Gaussian Anisotropic
Gaussian
Cropped VOI:
691x261x207
pixels
Segmentation "\ -
‘ il ) ‘::"‘F
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Cross-section view
after filter
processing

Cross-section view
after binary

3.3.4.3 Application of the proposed Anisotropic Gaussian filtering for carbon
fibre detection

After analysing the accuracy of the proposed processing filtering for X-ray micro-CT
scanned images in Section 3.3.4.2, this section focuses on the practical application of the
validated Isotropic Gaussian filtering method for detecting and characterising multiple carbon
fibre features within the cementitious matrix. As shown in Figure 3-18 (b), both samples for X-
ray micro-CT scans have three carbon fibre features, each with different depths to the top
surface, arranged from left to right. The goal of image processing and analysis is to efficiently
identify the orientation and spatial positions of these carbon fibre features within the

cementitious matrix.

As noted in the image acquisition process, there is a trade-off between resolution and field
of view when using X-ray micro-CT. In this study, a 27um pixel resolution was identified as
the most suitable for the smaller samples, allowing all relevant features to be clearly visible in
the X-ray micro-CT images. However, due to the limited depth of view of approximately
15mm, each sample required two scans to capture all features. Figure 3-24 displays a section
of one scan for both samples. Based on the carbon fibre feature segmentation using our
proposed Anisotropic Gaussian filtering method, the characterisation was analysed from both
3D individual perspectives and cross-sectional views. XZ-plane cross-sectional views were
utilised to visualise each feature, with the area counted by the white pixel count and the centroid
position calculated as the centre of mass. This centroid provided information on the depth to
the surface z and the position in the x-direction. In the y-direction, a series of centroids from
XZ-plane cross-sections were calculated, representing the carbon fibre feature centrelines.
Based on the centrelines, the interval space between these features could be determined. The

carbon fibre bundles and strips might exhibit some degree of waviness due to the manual casting
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and cement pouring process. Therefore, the total length of each feature was determined by
summing the distances between adjacent centroids. Linear regression was applied to the series
of centroid coordinates. The coefficients of the linear regression represented the orientation
vector of each feature. Based on the orientation vector, the angle to z-direction 6, and the angle
of XY-plane projection to x-direction ¢ could be derived. As the carbon fibre direction was
designed to be aligned in y-direction, both 8, and ¢ should be around 90° (as shown in the
sample design in Figure 3-18 (b)). The positioning and orientation of both carbon fibre bundles
and strips within the cementitious matrix were individually examined and are summarised in
Table 3-8. Both 6, and ¢ fall within the range of 88° to 96°, within lengths around 20mm. The
average depth to surface exhibited three designed positions. The X-ray micro-CT scans,
combined with the proposed filtering method, offer a detailed visualisation of the internal
features in cementitious material samples. The level of detail and accuracy is essential for
reliable defect characterisation and analysis, enabling effective detection of the alignment and

placement of these carbon fibre features.
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Figure 3-24. X-ray micro-CT scan volume reconstruction and carbon fibre bundles and strip

Table 3-8. Artificial features spatial positioning and dimensions.

Angle to Angle of XY-plane
Carbon fibre - _g _ ] ro-ect-or'? Length Avg. depth to
features | | OSUON  z-direction projeet (MM)  surface (mm)
0z (°) to x-direction ¢ (°)
Left 92.143 91.622 19.57 2.755
Carbon fibre |y piy1e 90.272 95.792 20.496 8.084
bundle
Right 89.143 88.299 19.272 12.579
Left 93.157 91.366 22.864 2.882
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Carbon fibre Middle 91.387 91.002 22.424 8.187

strip

Right 90.891 92.736 22.920 12.762

3.3.5 Summary of key findings from Section 3.3

This study proposed a novel 3D second-order anisotropic Gaussian filter designed to
enhance the detection of carbon fibres in cementitious materials in low-contrast and noisy X-
ray micro-CT images. This was achieved by summing the second derivatives of the standard
anisotropic Gaussian filter to better capture changes in intensity, tailored for more precise and
sharp boundaries between carbon fibres in the cementitious matrix. A comparative analysis was
conducted to evaluate the impact of different filtering methods on carbon fibre segmentation in
image processing. The results showed that the developed anisotropic Gaussian filtering method
significantly improved the accuracy of carbon fibre detection by effectively minimising noise
and background interference. There was also a greater alignment between the processed results

and the ground truth, indicating enhanced precision in segmenting the carbon fibres.

To evaluate the efficiency in real-world scenarios, samples of various scales were
prepared, and two different 3D second-order Gaussian kernels were applied in the X-ray micro-
CT analysis, including the proposed method. Based on the nature of the features to be detected,
isotropic Gaussian filtering was used for the characterisation of void geometry and analysis of
void distribution in a carbon-FRCC specimen. Meanwhile, the developed anisotropic Gaussian
filtering was used to detect the orientation, length, and spatial location of carbon fibre bundles
and strips within the cementitious matrix specimens. The advancements in image processing
not only expanded the applicability and feasibility of using X-ray micro-CT with the proposed
filters to derive features in carbon FRCC, but also significantly improved the accurate

segmentation of both voids and carbon fibres within the cementitious composites.

The findings confirm that the X-ray micro-CT technique is an invaluable tool for
examining the internal microstructure of FRCC. Critical parameters such as fibre reinforcement
and voids play a significant role in determining the integrity, performance, and durability of
FRCC, underscoring the necessity for precise internal analysis. Future research will further
investigate the detection of discrete carbon fibre features, particularly within larger structural

elements, to further enhance the application of these techniques in such materials.
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3.4.1 Abstract

The integration of carbon fibres (CFs) into cementitious materials has found wide
applications in the construction field. The quality of fibre-reinforced cementitious composites
(FRCCs) and their internal structure are essential for durability and safety. Non-destructive
testing (NDT) like X-ray microtomography (micro-CT) is used to assess concrete defects and
microstructures but faces challenges in accurately evaluating the spatial position of CFs in the
cement-based matrix due to noise and segmentation limitations. Ultrasonic phased array testing
shows promise for defect detection, yet its application for CFs in cementitious materials remains
underexplored. In response to these challenges, this study developed and applied Gaussian
filters to process micro-CT images, and in parallel, employs the ultrasonic total focusing
method (TFM) as an efficient technique for detecting CF and void in a cementitious matrix.
Multi-scale features, including CFs and voids ranging from micrometres to millimetres, were
examined. Micro-CT analysis provided high-resolution spatial visualisation and captured
comprehensive details of the features within the specimens, while 1D ultrasonic phased array
testing with the TFM method was able to detect the feature depth. The deviation of the post-
processed TFM image compared to micro-CT analysis demonstrated its high accuracy for CF
features located deeper within the matrix. The best performance was observed with a 3.26%
error for the CF bundle and a 0% error for the CF strip. The void features located at mid-depth

achieved more reliable detection. This study advances the understanding and expands the
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practical application of NDT for FRCC characterisation, demonstrating enhanced feasibility for

future industrial implementation.

Keywords: Fibre-reinforced cementitious composite; Non-destructive testing; X-ray

microtomography; Spatial positioning; Ultrasonic phased array; Total focusing method

3.4.2 Introduction

Fibre-reinforced cementitious composites (FRCC) are increasingly used in construction
applications, which have advantages over conventional materials in terms of their enhanced
flexural properties, higher fracture toughness, improved shrinkage control as well as favourable
electrical properties [23, 40, 126, 127]. The performance of these composites is recognised to
be primarily dependent on the interfacial bonding properties between the fibrous reinforcement
and cementitious matrix, as it establishes an effective load-transfer system and limits crack
propagation through the fibre-bridging effects [82, 128-130]. In recent years, FRCC has been
extensively found in various structures, such as bridges [131], pavements [132, 133], hydraulic
structures [134], tunnels [135, 136] and railway sleepers [137]. In addition, as a functional filler
in cementitious materials, CF is adopted for structural health monitoring (SHM), demonstrating
its versatility in integrating smart technologies into building and infrastructure projects [24,
138]. FRCC applications have grown rapidly in recent years and are projected to reach a market
value of $4 billion by 2030, with an increasing growth rate of 6.8% [139]. As the demand for
fibre-reinforced mortar and concrete with enhanced material and structural performance
continues to rise, it is essential to consider key parameters influencing their quality, including
fibre length, fibre spatial distribution, and porosity. The characterisation of fibre reinforcement
and voids is important as the strength and durability of FRCC is highly related to the distribution
and alignment of fibres, as well as the presence of voids within the cement matrix [127, 140].

To evaluate the integrity and condition of FRCC without causing additional damage, non-
destructive testing (NDT) methods such as X-ray radiography [109, 140, 141], computed
tomography (CT) [109, 141, 142], ultrasound testing (UT) [141, 143, 144], and electrical
resistivity measurements [145, 146] have been employed. These techniques provide detailed
insights into the material quality, especially the porosity system, as well as the dispersion and
orientation of fibres or additives. X-ray CT and Micro-computed tomography (micro-CT),
combined with image analysis, enable detailed 3D assessments of voids and fibres within

cementitious materials, providing precise measurements of their spatial distribution,
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orientation, dimensions and shapes [127, 147]. Gao et al. [109] highlighted the importance of
optimised grayscale thresholds and X-ray CT image processing for accurately distinguishing
between CFs and pores. By setting thresholds based on grayscale peaks and supplementary
scanning electron microscope (SEM) validation, they improved the ability to differentiate CF
bundles, uniformly dispersed areas, and sub-millimetre voids in the cement-based matrix,
which often overlap in density. Gao et al. [98] also demonstrated CT imaging and 3D
reconstruction as effective tools for quantifying CF distribution and volume fractions,
correlating these parameters with the mechanical and electrical properties of FRCC. Lauff et
al. [148] successfully examined CF alignment in a 3D printed specimen with a cross-sectional
area of 3.1x2.2 mm using X-ray CT analysis and various filters. Their findings indicated that
68% of the CFs were oriented in the desired direction, significantly improving both the
composite’s tensile and flexural strength. Moreover, Patchen et al. [149] used high-resolution
micro-CT analysis on a larger sample (18 mm in diameter and 25 mm in length) to obtain
information on spatial pore size distribution and potential CF clumping. However, while large
CF bundles were detectable, individual CFs remained indistinguishable due to similar grayscale
values between the CFs and cementitious matrix as well as insufficient resolution. Additionally,

reducing computational cost while improving precision remains a critical requirement.

While micro-CT provides high-resolution imaging and detailed analysis of internal
features within composites, UT testing proves to be a feasible and reliable technique for the
characterisation and quality assessment of cementitious materials, with applications in both in-
situ evaluations and laboratory research [144, 150]. The ultrasonic pulse velocity (UPV) method
has been the most commonly used non-destructive onsite testing method since the early 1940s,
primarily due to its affordability, simplicity, and efficacy [151]. This method capitalises on the
characteristics of ultrasonic wave propagation to assess the concrete’s overall conditions and
detect major defects based on the velocity of the ultrasonic waves. Due to the heterogeneous
nature of concrete, low-frequency transducers with frequency ranges of 25 to 250 kHz are often
used to detect cracks and aggregate sizes and to inspect the integrity of concrete structures [152,
153]. However, this method poses challenges due to the excessive attenuation observed in
concrete and the UPV results should be complemented with other tests for a comprehensive
evaluation of structures [154]. While this method can be used to examine the concrete strength,
its accuracy is limited within a range of 20% [155].

Ultrasonic phased array testing is one of the most widely used NDT methods, which is

used in aerospace, petrochemical, and civil industries [156-161]. It offers a dependable solution
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for accurately sizing defects in different materials [162-165]. The methodology involves a
series of steps [166]. Initially, full matrix capture (FMC) is executed, wherein each transducer
in the array sequentially transmits a signal, with the response measured by all transducers. This
process results in a comprehensive set of signals corresponding to every possible transmit-
receive combination, effectively capturing the entire scattering problem's data. This dataset
enables the execution of various imaging algorithms in the post-processing stage to detect the
inspection area. Among these, the total focusing method (TFM) is notably prevalent [167]. TFM
operates by directing a focused sound beam to each point within the region of interest and
analysing the reflections from these points. This method has been applied widely to fibre-
reinforced polymer (FRP) materials, where the complex composite structure requires precise
imaging for defect detection and characterisation [168, 169]. For example, Yu et al. [170]
proposed an adaptive ultrasonic imaging method for arbitrarily anisotropic carbon fibre
reinforced polymer (CFRP) laminates through FMC and TFM, which derived elastic constants
and corrected for anisotropic effects to accurately reconstruct internal defects in CFRP
laminates with arbitrary stacking sequences. Tian et al. [171] developed a high-quality
ultrasonic TFM imaging method for detecting defects in cross-ply CFRP used in aerospace
structures. The optimised parameters for TFM imaging were identified by the properties of
propagating and non-propagating waves calculated using the Floquet wave homogenisation
theory. However, the application of employing TFM to detect CFs in cementitious materials is

not yet widespread.

Despite the abovementioned advancements made in the previous studies utilising X-ray
CT and UT methods for assessing cementitious materials and polymer composites, several
research gaps remain unaddressed. In the case of CT methods, a notable challenge arises from
the high noise levels and low-contrast images of CF within the cementitious matrix, where
overlapping phases result in similar grey values. Further optimisation of CT image processing
techniques is essential to enhance the accuracy and efficiency of characterising CFs in the
cementitious matrix. For UT methods, the heterogeneous nature of cement-based materials
causes excessive attenuation of ultrasonic waves, limiting detection reliability. Although TFM
is an advanced technique proven effective for FRP composites, its capability for carbon-FRCC
remains underexplored. This leaves room for further investigation on the detection capacity and
precision of processed UA imaging in FRCC applications. Addressing these limitations through
targeted research is essential for enhancing the precision and applicability of NDT methods in

evaluating the internal structures of carbon-FRCC.
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3.4.3 Research significance

With the expanding implementation of FRCCs in modern construction, there is a need to
investigate their internal structure, including key characteristics such as fibre distribution,
orientation and porosity, which govern the quality and performance of these materials. NDT
methods have been adopted as non-invasive and effective techniques for internal assessment of
cementitious materials while maintaining structural integrity. However, such micro-CT and UA
imaging techniques encounter difficulties in accurately differentiating CFs and defects from

cement-based matrices.

To address the issues, firstly, this study utilised a newly developed Gaussian filtering
method for fibre segmentation in micro-CT analysis. This novel anisotropic Gaussian filtering
method has been proposed, and high accuracy was achieved in the previous study [172]. This
method enables the precise characterisation of CF bundle features at the microscopic scale,
overcoming conventional difficulties caused by overlapping densities. Building on the previous
work, this study further investigates the application and feasibility of the proposed method by
testing features spanning multiple scales. The experimental preparation included customised
cement-based specimens with artificial features embedded for the NDT testing. The
investigated features included small CF bundles (diameter < 100 pum), large CF bundles
(diameter = 1 mm), CF strips (= 5 mm wide), and void channels (diameters =~ 1 mm and 1.8
mm). Recognising the field application limitations and high costs associated with micro-CT,
this study also explores the potential of the ultrasonic TFM technique. TFM is a fast 2D
detection method that can be used to verify the location and shape of some defects. However,
its application in identifying CF features within high-attenuation cementitious matrices is yet
to be fully recognised. The post-processed TFM imaging results were then validated against
advanced micro-CT analysis, and cross-comparison between these complementary techniques
demonstrated the reliability of FRCC characterisation.

3.4.4 Materials and methodologies
3.4.4.1 Materials and specimen preparation

Cement-based specimens with artificial features (CFs or voids) were prepared for the
NDT inspection. The specimens were prepared using general-purpose cement (type GP) as
specified in Australian Standard AS3972 [44] with a cement-to-water ratio of 0.55 (refer to
Table 3-10 for cement properties). T300 CFs (with a single fibre diameter of 8um) with

different configurations including small and large fibre bundles and 5mm fibre strips were
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incorporated in the cement-based matrix. Additionally, two distinct void channels of varying
sizes were created as the second type of artificial feature for evaluation. A 3D-printed
assembled mould was designed for positioning these artificial features and subsequent cement
pouring. The dimension of each cement-based specimen was 20mmx50mmx15mm. The
features were placed at three varying depths from the top surface of the specimens, with
intervals of 10mm or 20mm. Specifically, the depths were set at around 3mm (upper position),
7.5mm (middle position) and 12mm (bottom position). This deliberate placement allowed for
the subsequent assessments of features at different locations within the specimens and avoided

any potential interference between individual features during the inspection process.

The artificial features are summarised in Table 3-10. These features varied in type and
size and were used to evaluate the capabilities and limitations of the detection methods

developed in this project. An illustrative specimen (Sample C) is provided in Figure 3-25.

Table 3-9. Properties of GP cement.

Chemical entity Physical and chemical properties
Portland Clinker <97% Appearance A fine powder rting]i?_g\;/vir?itzolour from grey
%/a%gTZHzo) 2-5% Egiirlli[ng/Melting Melting point >1200°C
(L(i:r;gg‘;’)”e 0-75%  Specific Gravity 3.0-32
CacumOnie 0% SISt s o g it it (i
Table 3-10. Artificial feature design.
Sample ID Feature type Configuration

A CF small fibre bundle (diameter < 100 pum)

B CF large fibre bundle (diameter = 1 mm)

C CF fabric strip (= Smm wide)

D void small void channel (diameters = 1 mm)

E void large void channel (diameters = 1.8 mm)
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~

Micro-CT scanning
Figure 3-25. Schematic illustration of the experimental preparation process and the placement
of artificial features.
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3.4.4.2 Micro-CT testing
Image acquisition

A 3D schematic drawing with three features at varying depths was constructed, as shown
in Figure 3-26 (a). The “upper”, “middle” and “bottom” features were identified in order from
top to bottom, and the coordinate system was defined where the y-axis represented the fibre
direction, the x-axis represented the length of the sample and the z-axis measures the depth of
each feature to the surface (Figure 3-26 (b)). Micro-CT was used to visualise and characterise
the CF and void features within cementitious material from a 3D perspective. To extract useful
information from micro-CT images, an image processing framework was developed to segment
the CF and voids from the cement matrix and derive the characterisations, such as location,

distribution and cross-sectional morphology.

Micro-CT scans were acquired by the Bruker Skyscan 2214 micro-CT scanner at the
Sydney Microscopy and Microanalysis (SMM) Centre, the University of Sydney. The samples
were vertically placed on the micro-CT scanner stage, as shown in Figure 3-26 (d). There is a
trade-off between resolution and field of view when using micro-CT. In this study, 27um pixel
resolution was found to be the best fit for most of the samples (Sample A-D). Under this
resolution, all the features could be visualised from micro-CT images. However, as shown in
the schematic drawing below (Figure 3-26 (c)), each sample requires two scans to include all

the features because the depth of view was only about 15mm. For sample E, 40um pixel
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resolution was adjusted to obtain the entire volumetric view of the sample, which allows the
analysis of the relative location between the three voids. To facilitate the segmentation and
make the analyses more comparable within this study, the other parameters and settings for the
micro-CT scanner and reconstruction were the same for Samples A-D. The scans were taken at
120 kV with a beam current of 70pA with Imm aluminium filter and 0.075mm copper filter
and progressed at 0.8° rotation per step until the full 360° rotation with an average of 3 frames
per position. Bruker NRecon software [173] for 3D reconstruction was used to reconstruct and
create a stack of greyscale images from the yz-cross-sectional view. The micro-CT image
processing framework, which was designed for detecting various features, is separated into

multiple steps, as illustrated in the workflow (Figure 3-27).

Figure 3-26. (a) Schematic drawing for the sample in the vertical position; (b) feature labels
and coordinate system definition; (c) schematic drawing for micro-CT scanning under 27pum
resolution; (d) images taken for the sample in Bruker Skyscan 2214 scanner.

I Micro-CT image acquisition |

| Current and voltage of source

Image processing and feature extraction |

I Background removal and sample alignment

I Feature Segmentation I

| Feature analysis |

I Cross-section properties |

Local position, area, shape (axis ratio) etc
I 3D Parameters |
Average position, total length, orientation etc

| Result summary |

Figure 3-27. Workflow for micro-CT image analysis designed for detecting features.
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Image processing and feature extraction

Figure 3-28 (a) and (b) show typical cross-sectional views of CF and voids, respectively.
As both CF and air have lower X-ray attenuation than the cement matrix, they appear darker,
and their pixel intensity is smaller than that of the cement matrix [92, 109, 174]. In this study,
the CF and artificial voids exist throughout the entire sample in the y-direction. Thus, from the
Y Z-plane cross-section, the features appear as tabular shapes passing through the entire sample.
The processing framework was developed in MATLAB [123] and contained two main steps:
segmentation and characterisation analyses. In this section, the large fibre bundle sample

(Sample B) was taken as an example to demonstrate the workflow of the developed framework.

The image processing includes the segmentation of the sample from the background and
the segmentation of features from the sample. Otsu’s threshold selection method was used to
initially segment the darker regions from the lighter regions based on the pixel intensity
distribution of the entire image stack, as shown in Figure 3-28 (c) [124]. The pixels with
intensity smaller than the threshold were set to 0.0 as black and those above the threshold were
set to 1.0 as white as shown in Figure 3-28 (d). However, some pixels of the features within the
sample were misidentified, necessitating morphological operations (Figure 3-28 (e)). The
sample was then rotated to align the vertical boundary in the cross-sectional images with the y-
direction, ensuring the entire sample was vertically aligned, as shown in Figure 3-28 (f). The
background removal and the sample alignment to the defined coordinate system allow for a

more accurate measurement of the position and orientation of various features.

After background removal, the volumetric view of the sample can be clearly visualised,
as shown in Figure 3-29 (a). A traditional isotropic filter was used for void features, while a
new 3D anisotropic filter has been proposed to smooth images and reduce noise impact on
fibrous feature segmentation. This method is specifically designed for detecting elongated fibre
structures in a cementitious matrix. The filter is based on summing the second derivatives of

the typical anisotropic Gaussian filter, as shown in Equation 3-20.

Y Atvd 2
9"(%0,6,,6,) = 20%- (2~ 2) - g(x;0,,6,,6,) 3-20
where
Uy, cosb,, 0 sind,,
[vn = Rx,R = | sinbysinb, cosf, —sinbcoso,
Wn —cosbysinb,, sinb,  cosbO,coso,

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 152



where "’ represents a second derivative of the function. ¢ is the scale parameter and ¢
is the elongation factor. The direction of the filter is controlled by the rotation matrix R. 8,. and
6, denote the rotation to the x- and y-axis, respectively. The new coordinate system with u, v,

and w represents the three major axes for the proposed anisotropic filter after rotation.

An arbitrary greyscale threshold of 92 was found to be a reasonable criterion to binarise
the images and perform the primary segmentation. The volumetric view of the primary
segmentation can be visualised in Figure 3-29 (b). Even though the two major features could
be visualised, there was still a lot of small noise spreading across the entire sample. To remove
the noise, the volume of each identified object was counted. As shown in Figure 3-29 (c), only
the largest ones were reserved as desired features while the other small ones were removed.
This approach could enhance CF detection in the cementitious matrix, enabling precise 3D
localisation and definition of features. A more detailed demonstration of the development and

verification of the new anisotropic Gaussian filter was reported in the study before [172].
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Figure 3-28. a YZ-plane cross-sectional image of (a) large fibre bundle sample (Sample B)
and (b) small void sample (Sample D); (c) pixel intensity histogram for the entire large fibre
bundle sample; binarised image (d) based on Otsu’s method, (e) after morphological
operation, and (f) after sample orientation alignment.

Feature analysis
Following the image process and segmentation, feature analysis could be performed from

both 2D cross-sectional and 3D volumetric perspectives. The XZ-plane cross-sectional views

could visualise the cross-sections of each feature, as shown in Figure 3-29 (e). For each XZ-

Chapter 3: Multifaceted Evaluation of Cement-based Mortar Incorporating CF and GF Offcuts 153



plane cross-section of each feature, the area was counted by the number of white pixels, and
the position of the centroid was calculated as the centre of mass (Figure 3-29 (d)). As labelled
in Figure 3-29 (f), the centroid provides information on the depth to the surface z and x-direction
position. The difference between the x-direction positions of two features measures the spacing
between them. An ellipse that has the same normalised second central moments as the feature
cross-section was fitted around the cross-section as shown in Figure 3-29 (g). The minor and
major axes of this ellipse represent the dimensions of feature cross-sections. The ratio of the
lengths of these two axes indicates the shape of the cross-section (Equation 3-20). An axis ratio
close to 1.0 means a rounder shape, while an axis ratio close to 0.0 means a flatter shape. Along
the y-direction, a series of centroids of XZ-plane cross-sections were calculated and could
consist of the feature centrelines, as shown in Figure 3-29 (d). The features might represent
some degree of waviness. Thus, the total length of each feature was calculated as the sum of
the distances of adjacent centroids. As most of the features are designed to be straight in this
study, linear regression was fitted to the series of centroid coordinates. The coefficients of the
linear regression consist of the orientation vector of each feature. Based on the orientation
vector, the angle to z-direction (6,) and the angle of XY-plane projection to x-direction (¢)
could be derived as shown in Figure 3-29 (h). The feature direction was designed to be aligned
in the y-direction, both 6, and ¢ should be around 90°.

length of minor axis

3-20

Axis ratio =

length of major axis

_
ey

(d)

Spacing

Depth ta the
surface (z) Minor axis

" ’
X-position - ’ Major axis

Centroid

( f) g 500 um

Figure 3-29. (a) 3D volume view and a typical YZ-plane cross-sectional view after
background removal; (b) 3D volumetric view after binarisation and YZ-plane cross-sectional
views after Gaussian blurring and threshold binarisation; (c) 3D volumetric view of the two
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desired features and its typical YZ-plane cross-sectional view; (d) the centreline extracted for
each feature; (e) a typical XZ-plane cross-section view; (f)-(h) labels for various
measurement.

3.4.4.3 Ultrasonic testing
Post-processing method

TFM is one of the most frequently used post-processing methods in detecting defects.
This method begins by dividing a spatial area in front of the array into a grid. The size of this
grid is determined by the longest duration in the individual A-scans. Following this, the beam
is concentrated at each point within this grid, enabling the creation of a completely focused
image [175]. When x is the directional axis along the phased array and z is the vertical direction
into the specimen, the intensity of the image at any given coordinate (X, z) can be expressed as

I (X, 2) and is determined as follows [175]:

dq+d,
4]

3-21

1(x,2) =[S0, 2Nk (6

where N is the total number of elements and ¢, is the velocity of the longitudinal wave in
the test object. t and r represent the transmitting and receiving elements, respectively. d;is the

distance from the transmitting element to the focus point, and d,is the distance from the

d;+d;
€l

receiving element to the focus point, as depicted in Figure 3-30. h (t, r, ) represents the

Hilbert-transformed time-trace signal, which is generated by element t and received by element

r, containing extensive information about each grid point.

In this work, TFM is applied to process full matrix capture (FMC) data obtained from

various cementitious specimens, enabling the detection of fully focused images that illustrate

Ultrasonic phased array Xj
dq I\ [ V4

mm . transmitter

the different features.

mm . recelver
. focus point
Figure 3-30. Total focusing method.

Experimental setup
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The experimental setup of the ultrasonic phased array is shown in Figure 3-31. The
ultrasonic probe is a 64-element phased array with an element pitch of 0.6 mm and a central
frequency of 5 MHz. The full details are shown in Table 3-11. The probe, manufactured by
Guangzhou Doppler Electronic Technologies Co., Ltd., was used to excite and receive signals.
The ultrasound signals were successively generated by each element and received by all
elements. The one-dimensional (1D) probe is positioned in the middle on the upper surface of

the sample. The sampling frequency was 50 MHz and the total sampling points were 1251 in

this work.
Figure 3-31. Experimental setup for ultrasonic phased array testing.
Table 3-11. Linear ultrasonic phased array parameters.

Array parameters Probe
Element number 64

Element pitch (mm) 0.6

Element width (mm) 10

Central frequency (MHz) 5

It should be noted that while the preparation process for the five FRCC specimens is
generally similar, it is not entirely consistent. The experimentally measured ultrasonic

longitudinal wave velocities for samples A through E are presented in Table 3-12.

Table 3-12. Ultrasonic longitudinal wave velocity of different specimens.

Sample ID Longitudinal wave velocity(m/s)
A 2950
B 3150
C 2900
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D 3000
2900

3.4.5 Results
3.4.5.1 Micro-CT analysis and processing results

This section shows micro-CT scans for detailed cross-sectional analysis and micro-CT
volume reconstruction with feature extraction for each sample. The depth variation, cross-
sectional shape, cross-sectional area and spacing between features vary throughout the entire
length of the feature (as depicted in Figure 3-32 (a)-(d) for fibre features and (e)-(h) for void
features). Figure 3-33 (a) and (b) show two examples of clear representations, both in 3D
volumetric and XZ-plane cross-section views, for positioned artificial features in samples A
and E. While the assembled mould assists in positioning the fibres, the practical placement of
these features is not precise due to the manual placement and pouring of cement. These
variations explain the occurrence of loose fibres in the bundle and curvature in the fibre
placement, thereby confirming the high resolution and effective detectability of size and shape

by micro-CT.

Three CF features are analysed, with measurements taken at the upper, middle and bottom
of samples B and C, and at the bottom of sample A. As shown in Figure 3-32 (a), the bottom
small CF bundle feature in sample A shows more variation in depth ranging from 10.6 to
12.03mm, compared to the other CF features showing variations within 1mm. The principal
axis ratio represents the ratio between the length of the minor axis and that of the major axis
(Figure 3-32 (b)), offering insight into the circularity of the cross-sectional shape of the feature.
The ratio of the principal axis ranges between 0.24 to 0.97 for samples A and B, representing
small and larger fibre bundles. In contrast, sample C comprising the CF strips, exhibits a
significantly lower ratio of the principal axis, with most values lower than 0.2, which is
consistent with the flattened cross-sectional shape. The cross-sectional areas are also examined
in Figure 3-32 (c). Notably, sample C exhibits the largest cross-sectional area, followed by
sample B and sample A. In addition, the spacing between the upper and middle features is
assessed in Figure 3-32 (d). Along the y-direction, the spacing measures approximately 10-
10.5mm for sample C, while in sample B, the spacing increases to over 11mm along the y-

direction.
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The depth, interval and cross-sectional shape of small and large void channels were
revealed in Figure 3-32 (e) to (h). Similarly, the depth of voids to the surface is measured along

the y-direction at 3.2 to 4.5mm, 7.5 to 8.2mm and 11.95

to 13.26mm for upper, middle and

bottom, respectively. The principal axis ratios for most of the cross sections range between 0.8

and 1.0, indicating the circular shape. The cross-sect
approximately 1.0 mm? and 2.7 mm? for smaller and la

slightly larger than those of the designed void features wi

ional areas are determined to be
rger voids, respectively, which are

th diameters of 0.8mm and 1.8mm.

Furthermore, the spacing between the upper and middle void channels along the axis shows

notable variation in both the distances between voids and their orientations.
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Figure 3-32. Cross-sectional analysis for (a)-(d) sample A-C and (e)-(h) sample D-E: depth to
surface, ratio of principal axis, the cross-sectional area in y direction, and spacing between
features along fibre y-direction.
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Figure 3-33. Micro-CT scan volume reconstruction and feature detection: (a) small fibre
bundle and (b) large void channel.

3.4.5.2 Ultrasonic TFM imaging

Figure 3-34 shows both the standard and post-processed TFM images produced using the
original experimental FMC data for sample A to sample E. In sample A (Figure 3-34 (a)), only
direct waves and backwall echoes are observable, with no detectable defects. It is important to
note that the artificial features in sample A consist of small fibre bundles, with diameters less
than 100 um. However, the wavelength in sample A is 0.59 mm. This implies that the defects
are substantially smaller than half the wavelength, and such small defects cannot be detected
by TFM. This limitation arises because TFM relies solely on travel time information [176].
When comparing the post-processed image (Figure 3-34 (b)) with the standard image, it
represents the result of TFM imaging after the removal of the direct wave [13]. It is clear that
only the bottom reflections are visible in this comparison. Sample B contains the same defect
type (CF bundle) as sample A but with larger dimensions. Contrasting with sample A, the
diameters of defects in Sample B are nearly 1mm, surpassing half the wavelength of 0.63 mm.
Consequently, defects within sample B are detectable, as indicated at depths of 4.2 mm, 9.3
mm, and 13 mm in the z direction in Figure 3-34 (c). It is observed that the defect located at z
= 4.2 mm is influenced by direct waves. Despite the identifiability of the defect at z = 13 mm,
its size appears considerably smaller than its true value. This discrepancy is primarily due to

the viscoelastic attenuation properties of the cementitious materials. This attribute causes a
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significant decrease in signal levels, an effect that becomes more pronounced with increasing
propagation depth, consequently leading to a lower signal-to-noise ratio. Figure 3-34 (d) shows
the TFM imaging using the FMC data after removing direct waves and using a bandpass FIR
filter [176]. In comparison to the standard TFM image, the location and size of defects depicted
in Figure 3-34 (d) more closely align with the true values, although some artifacts are still
present. The defects in sample C consist of three strips of fibre fabric, each with a width of 5
mm. Figure 3-34 (e) displays the imaging obtained using the conventional TFM algorithm. The
defects at depths of z = 8.4 mm and z = 12.8 mm are detected effectively, whereas the first
defect at z = 3 mm is obscured by near-field clutter. Figure 3-34 (f) presents the TFM imaging
following the removal of the direct waves. As seen in this figure, the first defect at z = 4.1 mm
is identifiable, but its size and shape are not discerned accurately. Compared to the standard
TFM image, the defects at z = 8.4 mm and z = 12.8 mm are rendered with greater clarity after

post processing.

Sample D features three identical voids, each with a diameter of 1.0 mm. Figure 3-34 (g)
shows the imaging results from conventional TFM. The features near 8 mm in the z direction
are clearly visible, while those at 3 mm and 12 mm are nearly indiscernible. For comparison,
Figure 3-34 (h) depicts TFM imaging after the removal of the direct waves. In this figure,
defects at z = 4.8 mm and z = 7.9 mm are observable, but the defect at z = 12 mm remains
elusive. This is primarily because the defect's small diameter of 1.0 mm results in relatively
weak useful signals, and the FRCC sample has high attenuation. An effective approach to
enhance detection in such cases involves improving the signal-to-noise ratio, thereby
eliminating noise and efficiently extracting the valid signal from the small defect [177]. The
defects in sample E are three identical holes of the same type as in sample D but with larger
sizes. In contrast to sample D, the diameters of the defects in sample E are 1.8mm, almost twice
those of sample D. Figure 3-34 (i) shows the TFM image using the original experimental FMC
data. The defects at z=7.8 mm and z=11.3 mm are observable, while the defect at z=3 mm is
not discernible. Figure 3-34 (j) presents the post-processed TFM image after removing direct
waves. Compared with the standard TFM image, in Figure 3-34 (j), the defects located at
z=7.8mm and z=11.3mm are still visible, while the defect at z=3mm is not easily identifiable.
Therefore, the method for removing direct waves can be further improved, particularly in terms
of effectively separating the information of defects very close to the upper surface from the

direct waves.
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Figure 3-34. TFM images before and after post processing (with feature positions indicated by
circles).

3.4.6 Discussion

The experimental results obtained from micro-CT and ultrasonic testing demonstrate their
capabilities in feature detection and characterisation. This section investigates the performance
of these two commonly used NDT methods in capturing CF and voids at various scales,

specifically for FRCC.

Micro-CT operates on the principle of X-ray imaging, where a series of X-ray projections
are acquired as the sample rotates incrementally through a range of angles. These projections
are then reconstructed using sophisticated computer algorithms to generate a 3D representation
of the internal structure of the sample with high spatial resolution. One of the key advantages
of micro-CT is its capability to provide a detailed visualisation of the internal features in
cementitious composite samples. The previous research has proven that the developed
anisotropic Gaussian method can enhance the accuracy of CF detection by reducing noise and
background interference. The result showed a better alignment with the ground truth
measurements [172]. In this study, the micro-CT testing with the developed anisotropic filter
showed its capacity to provide a comprehensive characterisation of multiple artificial features
embedded in the cementitious matrices. This enabled quantitative analysis of feature depth,
cross-sectional area, shape and spacing between different features throughout the specimens.
As shown in Section 3.1, it not only provided high-resolution imaging in different planes (e.g.
XZ plane) and volumetric views but also allowed for the extraction of quantitative data on the
placement and morphology of features. In comparison, as a real-time imaging and portable
option for non-destructive evaluation, TFM imaging has been employed in detecting internal
void defects in concrete for years [57, 58]. However, there is a lack of studies examining its

ability to detect CF features in a cementitious matrix. In this experiment, the ultrasonic phased
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array probe is 1D and treats the y-axis as infinite. Ultrasonic shear waves are ignored for
imaging due to the fact that they only propagate negligible distances in such high attenuation
materials [154]. Only longitudinal waves are considered, and the minimum resolvable size,
according to diffraction limitations, is determined by the half-wavelength of the longitudinal
waves [178]. Therefore, ultrasonic TFM was only used to investigate the depth of different CF
and void features.

Table 3-13 presents a comparison of feature depth measurements obtained from micro-
CT and TFM imaging. By comparing the obtained results, the relative variations were
quantified. Micro-CT testing can precisely measure the feature depth at all positions for these
specimens with varying scaled features. In contrast, TFM is not able to detect small-scale
defects that are smaller than half the wavelength of the ultrasound waves employed. In this case,
CF bundles with a diameter of less than 100um in Sample A were too small to be accurately
identified by TFM due to the limited resolution of ultrasound. The relative variations for
samples B to E are presented in the right column of Table 3-13. It is observed that the upper
feature consistently exhibited a larger relative variation, reaching up to 45.33%, while the
middle and bottom detectable features showed smaller variations, with the best performance
being zero percent error. This observation suggests the presence of interference from direct
waves, which travel directly from the transducer to the surface and then back again, potentially
affecting signals from defects near the surface. Notably, the upper void feature was
indiscernible in sample E, potentially due to this interference effect from direct waves masking
the signal response from the near-surface defect even after post-processing to remove direct
waves. While this post-processing step helped reduce the impact of near-field artifacts, it did
not completely resolve the defect detection issue for the near-surface void in sample E. In
addition, when detecting deeper features along the sample thickness, the signal-to-noise ratio is
low for smaller diameter voids in high attenuation materials, such as the bottom feature in

sample D.

Through the comparison, it revealed the capabilities and limitations of ultrasonic TFM
testing in the ultrasonic phased array for detecting features of different sizes and depths in
cementitious materials. Several key factors should be considered influential when employing
TFM imaging. Firstly, the characteristics of the ultrasonic transducer, such as frequency,
element size, and bandwidth, impact the resolution and depth of field, affecting the accuracy of
TFM images. Secondly, material properties, including Young's modulus, density, and

attenuation, can lead to inaccuracies in wave speed calculations. Cement-based materials with
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high attenuation characteristics pose challenges in maintaining adequate signal-to-noise ratios,
especially for smaller defects located at greater depths. The absorption and scattering effects in
such materials can severely degrade the energy and strength of the ultrasonic signals, hampering
defect detection capabilities. The choice of different wave modes, whether longitudinal or shear
waves, affects the penetration depth and resolution. While longitudinal waves were primarily
employed in this study, ignoring shear waves can impact the detection capabilities in certain
materials. Furthermore, the signal processing algorithms employed for reconstructing TFM

images from the raw data can significantly influence the image quality and accuracy.

Table 3-13. Comparison of feature depth measurements obtained from TFM imaging and

micro-CT.
Sample Feature types & I;)epth to surface (mm) - Rel_ati_ve
D Configuration Features |\/|ICf0-.CT Ultrgsonl_c variation
scanning TFM imaging %
Upper 2.89 4.2 45.33
B large CF bundle Middle 8.02 9.3
Bottom 12.59 13 3.26
Upper 3.09 4.1 32.69
C CF fabric strip Middle 8.21 8.4 2.31
Bottom 12.8 12.8 C0.00)
Upper 4.43 4.8 8.35
D small void channel Middle 7.64 7.9 3.40
Bottom 12.78 - -
Upper 3.46 - -
E large void channel Middle 7.84 7.8 -0.51
Bottom 12.33 11.3 -8.35

The findings of this research contribute to the advancement and application of NDT
methods for the characterisation of FRCC. Micro-CT scanning offers high-resolution 3D
visualisation and captures comprehensive details of the features within the specimens, but is
hampered by its limited sample capacity, high operational costs, and lengthy image
reconstruction times. The anisotropic Gaussian filter applied to micro-CT images is suitable for
processing elongated structures such as fibres [121]. This facilitates precise segmentation and
detection of features in cementitious specimens, especially to overcome the similar X-ray
attenuation coefficients between CFs and cementitious materials. Future research could explore
the potential of micro-CT to analyse CF dispersion in FRCC, including the spatial distribution
and clustering of discrete CFs within the cementitious matrix. Furthermore, efforts could be

made to optimise computational costs while preserving accuracy and effective performance in
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image analysis. As mentioned above, the application of TFM in cementitious materials faces
challenges due to their inherent heterogeneity and complexity, which complicates the
propagation and interpretation of ultrasonic waves. Moreover, the high attenuation and
scattering properties of these materials tend to limit the penetration depth of ultrasound waves,
potentially affecting the clarity and accuracy of the resulting images. Despite this limitation,
TFM provides a practical and efficient solution for in-situ inspections, making it particularly
suitable for initial assessments and routine maintenance. In future work, the use of a 3D TFM
method using a 2D ultrasonic array probe to capture spatial wavefield information could
significantly enhance the TFM algorithm's capability to detect internal defects in cementitious
materials. Additionally, in signal processing, noise suppression techniques such as block-wise
singular value decomposition can effectively reduce random noise, thereby improving TFM
imaging quality [164, 179]. The integration of deep learning algorithms with TFM could further
enhance imaging quality. Other potential research avenues include investigating the high
attenuation characteristics of ultrasonic signals in cement materials and employing advanced
ultrasonic focusing or signal compensation technologies to improve the detection of deep

defects.

3.4.7 Summary of key findings from Section 3.4

In this study, the performance of two NDT methods in characterising CF and void features
across various scales within cementitious matrices was investigated. Micro-CT testing and
image processing, by employing the newly developed Gaussian filter, provides a
comprehensive examination of the spatial positioning and dimensions of CF and void channels,
including their location, orientation, size, and shape in 3D representation. Understanding these
internal features is critical, as it could benefit the mix design of FRCC and improve its
performance in both structure and durability. The application of the TFM ultrasonic technique
provides an efficient alternative for detecting feature locations using the 1D ultrasonic phased
array. Accurate depth detection was achieved for CF bundles and strips, as well as mid-depth
void channels. However, challenges such as limited resolution for small-scale defects,
interference from direct waves, and a low signal-to-noise ratio for deeper features still remain.
Building on the understanding of the capacities and limitations of micro-CT and ultrasonic
testing, the findings of this work revealed the feasibility of NDT methods for FRCC
characterisation. Optimising computational efficiency, advancing processing methods, and
expanding potential applications of these NDT methodologies could be the goals for future

research.
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3.5 CONCLUSION

This chapter thoroughly investigated the characteristics and performance of FRCC
incorporated with CFs and GFs through experimental and numerical studies. Micro-CT analysis
provided quantitative insights into void geometry and distribution in carbon and glass- FRCCs.
This chapter also highlighted their influence of fibre type and content on FRCC properties,
including mechanical, physical and electrical properties. The study of acid diffusion effects
through experiments and FE simulations further contributed to understanding FRCC durability
in aggressive environments. Additionally, the development of an anisotropic Gaussian filter
significantly improved CF detection in low-contrast micro-CT images, overcoming
segmentation challenges. The comparative analysis of micro-CT and ultrasonic testing
techniques demonstrated their accuracy, advantages, and limitations in characterising CFs and
voids in the cementitious matrix. Detailed key findings have been summarised in sections 3.2.5,
3.3.5, and 3.4.7. These findings enhance the understanding of the internal microstructure of
FRCCs and the relationship to their performance. This study also supports the advancement of
NDT methods and provide valuable guidance for optimising material design, durability, and

practical application in construction.
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Chapter 4: Improving Carbon-FRCC
Performance through Fibre Surface
Modification - Bio-based Treatments
and Electrochemical Grafting

41 INTRODUCTION

As established in Chapter 3, the incorporation of short fibres was beneficial to enhance
the mechanical and durability performance of CCs. However, this improvement was
accompanied by the formation of elongated voids and increased porosity, primarily attributed
to inefficient fibre dispersion and weak interfacial bonding. Advanced microstructural
characterisation techniques, using X-ray micro-CT with a developed second-order anisotropic
Gaussian filtering method, revealed that these elongated voids predominantly concentrated
around the fibres. This microstructural deficiency poses a critical limitation, potentially
undermining the long-term durability and shrinkage resistance of CCs by facilitating moisture

ingress and microcracking.

CFs are widely utilised as discrete reinforcement in construction applications due to their
excellent strength-to-weight ratio and durability. Repurposing short CF offcuts not only offers
environmental and economic benefits but also presents an opportunity to enhance the
sustainability and performance of CCs. Beyond enhancing mechanical and physical properties,
CFs enable the development of smart concrete materials through their exceptional electrical
conductivity. Despite their promising attributes and extensive research into carbon-FRCC, the
inherent hydrophobic nature of the untreated CF surface leads to fibre agglomeration due to
poor wettability and weak interfacial bonding with the cementitious matrix, which may

ultimately compromise FRCC performance.

While commercial CFs typically include sizing designed for specific resin systems, this
customisation complicates their direct incorporation into cementitious matrices. These
challenges limit the effective utilisation of vCFs and rCF offcuts in mineral-based matrices,
preventing the full realisation of performance potential. To address these challenges,
researchers have developed various surface modification methods to alter the physical and
chemical properties of CFs. These modifications aim to enhance fibre dispersion, reduce

agglomeration, and improve interfacial load transfer between the fibres and cementitious
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matrix. However, conventional treatment methods often face limitations in terms of cost-
effectiveness, process complexity, environmental sustainability, and compatibility with

cementitious systems.

In this chapter, two innovative CF surface modification approaches are proposed to solve
the above-mentioned problems. Section 4.2 presents bio-based surface modifications using
tannic acid (TA) and citric acid (CA), offering environmentally sustainable alternatives to
conventional aggressive chemical treatments and providing efficient CF surface modifications
at reduced costs. Section 4.3 introduces an in-situ electrochemical grafting approach for
hydroxyl and amine groups on CFs, demonstrating its efficacy and suitability for continuous
large-scale processing. The effectiveness of both modification approaches is systematically
evaluated. Surface alterations of CFs are characterised through multiple analytical technigues,
while the influence on interfacial properties and FRCC performance is assessed through
mechanical testing. Microscopy analysis reveals the underlying interaction mechanisms
between the treated CFs and the cementitious matrix.
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4.2.1 Abstract

There has been growing research interest in surface modifications of carbon fibres (CFs)
to enhance their bond performance with cementitious materials. While some methods are
effective, they are often limited by environmental impact, high costs, and procedural
complexity. Herein, this paper proposes novel bio-based surface modifications using tannic acid
(TA) and citric acid (CA) to functionalise CF. These surface modifications are developed to
promote fibre-matrix interactions and thus enhance the fibre-reinforced cementitious
composites (FRCC) performance. The alterations in CF's physical and chemical properties are
characterised by multiple tests. Enhanced mechanical strength is evaluated through
compressive and flexural testing. The interaction mechanisms of surface-treated CFs within the
cementitious matrix are analysed using SEM coupled with EDS. Co-deposition of TA with
ethanolamine on the CF surface results in a polymeric layer that contributes to additional
functional groups and significantly increases surface roughness. CA-treated CF also
demonstrates irregular texture on the surface with the presence of ester groups through
esterification reactions. The modifications facilitate hydration product precipitation, creating a
denser microstructure between CF and matrix and increasing surface roughness which boosts
mechanical adhesion. The proposed bio-based treatments also significantly enhance CF
hydrophilicity and dispersibility, further facilitating better interactions with the cementitious
matrix. Consequently, FRCC specimens containing 0.1 vol.% 12mm CF-TA and CF-CA
exhibit notably enhanced compressive strength, with increases of 30.11% and 19.82%

compared to the controlled mortar. These findings offer a new strategy for sustainable CF
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surface modification techniques and their application in the construction industry, promising
advancements in enhancing FRCC performance.

Keywords: Carbon fibre (CF), Fibre-reinforced cementitious composite (FRCC), Surface

modification, Bio-based chemicals

4.2.2 Introduction

Fibre-reinforced cementitious composites (FRCCs) have become indispensable as an
innovative and promising alternative to traditional steel-reinforced concrete in the construction
industry. This type of material offers combined enhanced tensile and flexural properties,
superior fire and corrosion resistance, as well as multifunctional capacities by incorporating
various fibres, categorised as synthetic fibres (SyF) [1-3], steel fibres (SF) [4, 5], glass fibres
(GF) [2, 3, 6], and natural fibres [7-9]. In addition to the benefits in structural performance and
functionality, FRCCs also offer significant advantages in terms of environmental and economic
sustainability. The use of fibre reinforcement in cementitious materials instead of traditional
steel rebars contributes to a more cost-effective and environmentally sustainable infrastructure
design [10, 11]. The building sector has a substantial influence on the global environment,
responsible for over 40 percent of the total energy consumption worldwide [12], whereas the
replacement of traditional steel bars with steel fibre in a tunnelling project can lead to significant
material savings of over 50 percent and reduce the embodied carbon dioxide of the segmental
lining by around 10kt for every 10km of tunnels on average [13]. Another case study, such as
the CR44 Bridge in Hinckley, United States, has demonstrated that the use of synthetic fibres
can significantly reduce maintenance requirements over a 50-year design life and extend service
life, resulting in long-term cost savings and an approximate 10% reduction in carbon footprint
compared to a standard concrete mix [14]. Moreover, comparative analyses of slab systems
have shown that the adoption of fibre-reinforced concrete (FRC) can potentially reduce CO--
equivalent emissions by over 66% compared to conventional reinforced concrete,
demonstrating its value as a sustainable alternative in structural design [15]. Among the
aforementioned benefits of FRCCs, carbon fibres (CFs) are widely used as reinforcement in
construction applications owing to their high tensile strength-to-weight ratio and superior
durability. Increasingly, carbon-FRCCs are being extensively studied and employed as smart
concrete materials for applications such as self-heating [16], self-healing [17] and structural
health monitoring [18]. However, commercial CFs are manufactured with sizing and are

designed to be compatible with different resin systems on a case-by-case basis. This hampers
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the direct and effective incorporation of virgin CFs (vCFs) and CF offcuts in cementitious or
mineral-based matrices, hindering the full realisation of their potential for higher performance.

Recently, there has been a growing research interest in surface modifications of CFs to
enhance the bond performance between CFs and cementitious materials. Those modifications
target the alteration of CF physical and chemical properties and are categorised as plasma
treatment, oxidation treatment, electrophoresis and grafting treatment [19, 20]. Surface
oxidation treatment stands out as one of the most commonly used methods for fibre surface
modification [21]. Oxidation induced by gases or liquids under various temperatures, durations,
and concentration conditions can form oxygen-containing functional groups. These activated
CF surfaces can chemisorb ions from the cementitious matrix, forming chemical bonds and
promoting the precipitation of hydration products on the fibre surface. It was reported that both
the electrical and mechanical properties of FRCC were greatly improved with acidic oxidation
treatment (a piranha solution for 30 min at 30°C), which was attributed to the enhanced
interaction and adhesion between the CFs and cement matrix [22]. However, the application of
oxidative treatments has faced limitations due to its time-consuming nature and related
environmental pollution implications. Plasma treatment using argon, nitrogen or oxygen is used
as a more time-efficient approach to enhance surface roughness and introduce polar functional
groups onto the CF surface, while it is associated with high operational costs from the required
equipment and energy-intensive reaction conditions. This process increases the polarity and
wettability of the CF surface and facilitates the fibre-matrix interphase region by forming more
chemical bonds and accelerating the deposition of hydration products onto the CF surface. Jin
Hee et al. [23] observed the improved interfacial bonding strength between a CF bundle and
cement matrix for the argon plasma sample, which resulted from an interlocking mechanism.
Recent developments in plasma functionalisation [24] have shown that SiOx films significantly
enhance fibre-cement matrix bonding. This improvement is achieved by promoting the
formation of localised calcium silicate hydrate (C-S-H) directly on the fibre surface, thereby
enhancing both interfacial adhesion and mechanical anchorage. Another efficient method is
coating CF with nanomaterials such as graphene oxide (GO) and nano-silica (NS) through an
electrophoretic deposition (EPD) process, which enhances the interaction between CFs and
cementitious matrices, effectively improving the pullout resistance and mechanical properties
of the resulting cementitious composites [21, 25]. Grafting surface treatments such as silane
coupling agent (SCA) treatment and GO grafting have also been reported as effective and

efficient alternatives. By using the chemical graft approach, the tensile strength of CF grafted
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with GO exhibited 22 percent enhancement compared to the untreated CF. Both chemical and
physical properties of the CF surface and matrices were improved through mechanical
interlocking and the development of hydration products [26]. These grafting techniques are less
aggressive in damaging the CF surface while improving the bonding strength, leading to an
increase in pullout load. Nevertheless, they may require complicated procedures and generate
harmful waste products [19, 27].

Given the challenges of existing treatment methods, this study aims to develop
environmentally friendly CF surface modification tailored to cementitious matrices. In contrast
to conventional aggressive chemical treatment conditions, bio-based surface modification
techniques offer a greener and more sustainable alternative while achieving efficiency in
enhancing CF surface properties at a lower cost. Recent advances have demonstrated that
strategies such as the use of bio-derived sizing agents and self-assembled hybrid interphases
can significantly improve interfacial shear strength and fibre-epoxy matrix compatibility, while
reducing environmental impact [28, 29]. The ideas and advancements are also expected to
benefit cementitious systems by improving the adhesion between CF and the cementitious
matrix through increased roughness for physical interlocking and the introduction of functional
groups for hydrophilicity and chemical bonding mechanisms. Tannic acid (TA) and citric acid
(CA) were selected primarily for their widespread availability and biodegradability. TA is a
natural plant polyphenol with abundant reserves, widely obtained from various herbs, fruits and
trees. Due to its non-toxic nature, it is widely used in the food and medical industries [30].
Polyphenol-based functionalisation has shown promising potential for fibre surface
modification in cementitious systems [31, 32]. In particular, polydopamine (PDA), inspired by
marine mussels, has demonstrated the ability to form adhesive coatings under mild conditions.
PDA-functionalised waste carbon fibres (WCFs) have exhibited improved wettability,
increased Ca?" adsorption, and enhanced cement hydration at the fibre-matrix interface,
resulting in denser microstructures and an 18% increase in compressive strength [33]. It has
been reported in the literature that TA, which possesses a structure like dopamine, was utilised
as a cost-effective and sustainable alternative, enhancing the hydrophilicity and chemical
reactivity of fibre surfaces [34, 35]. While TA cannot self-polymerise through oxidative
reactions like dopamine, it can undergo polymerisation with amino-terminated substances to
create a thin layer coating containing amino and hydroxyl functional groups on the fibre surface,
thereby improving the fibre-matrix interfacial bonding [30, 34, 36]. In contrast to the amino-

functionalised system, where grafting with amino-containing compounds such as amino silanes
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typically require fibre surface pretreatment in most cases [37-39], TA combined with amino-
terminated substances enables more diverse functionalisation through multiple bonding
mechanisms, without strictly requiring pretreatment. In addition to its functional benefits, TA
offers key advantages such as lower cost, plant-based origin, and ease of processing [34, 36].
These attributes make it a promising candidate for green and scalable surface modification
strategies in fibre-reinforced cementitious systems. Another weak organic acid from natural
sources, CA, has been increasingly recognised in past studies for its ability to modify surfaces,
including materials like activated carbon [40, 41], carbon nanotubes [42], and natural fibres
[43]. The modification process introduces carboxyl functional groups, enhancing material
properties for specific applications. In detail, the modification of activated carbon with CA has
been reported to improve copper ion adsorption from aqueous solutions. In another case, the
flexural and compressive strength of cementitious composites with flax fibres treated with a 5
wt.% CA solution improved by 18% compared to the control mortar and by 6% compared to
those with untreated flax fibres. Previous research has demonstrated the application and
promising effectiveness of TA and CA in surface modification. However, to the best of the
authors' knowledge, there is a notable lack of research on the development of bio-based surface
modification approaches using these acids for improving FRCC performance incorporating
discrete CFs.

With this in mind, novel bio-based surface modifications using TA and CA to treat CF
are developed in this research to promote fibre-matrix interactions, thus enhancing FRCC
performance. Compared to conventional amino- and polyphenol-based functionalisation
methods, the proposed TA-based approach offers a simpler, milder, and more sustainable
alternative, while offering functionality and preserving fibre integrity. Previous studies have
not yet explored the application of CA on CFs in cementitious matrices, which represents a
critical research gap. Our proposed method advances beyond existing bio-based methods by
providing an integrated and scalable approach, especially tailored and optimised for discrete
CF reinforcement in cementitious matrix. In addition to its simplicity, low expense, and
environmental safety, it is vital to ensure that these treatment procedures are designed to
maximise their functionality while minimising any potential disadvantages related to damage
to the CF surface that could compromise its inherent mechanical strength. To compare the
effectiveness of TA and CA surface modifications without the interference of the sizing agent,
an effective desizing process is proposed prior to the surface modification. The bio-based

solution ratio is controlled to optimise its effectiveness, while the reaction occurs under mild
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conditions, ensuring the process is both efficient and practical for applications. Subsequently,
the chemical properties - introduction of functional groups (such as OH, NH2, COOH and C=0)
and physical properties - fibre tensile strength and surface roughness are examined. These
characterisations of CF before and after treatment are used to elucidate the underlying
mechanisms and alterations induced by these surface modifications. Furthermore, the
improvements in dispersion, flowability, and mechanical performance of FRCCs with surface-

modified CFs are investigated through multiple testing methods.

4.2.3 Materials and methods
4.2.3.1 Materials

The vCF (T700SC-12000-50C) were received on a spool and supplied by Toray
Industries, Inc. (France). The technical sheet indicates that the fibre properties include a
diameter of 7um, a density of 1.8 g/cm? and a tensile strength of 4,900 MPa. All the chemicals
in this study were used as received. TA (CzsHs2046) and ethanolamine (EA) (C2H7NO) were
purchased from Sigma-Aldrich Pty Ltd. CA monohydrate (CsHsO7-H20) AJAX Finechem was
purchased from Thermo Fisher Scientific Inc. Acetone and ethanol used in the experiments
were analytical grade. The pH buffer solution complied with BS EN 1SO 3696 [44], and

deionised water was used for the fibre modification process.

A general-purpose cement (type GP as specified in Australian Standard AS3972 [45]),
with 90% of particles finer than 42.4um, was used for casting FRCC. Macka's sand, with 90%
of aggregates finer than 576um and compliant with AS2758.1 [46], was used as the fine

aggregate. Tap water was used for fresh mortar mixing.

Table 4-1. Properties of GP cement (SDS No. CASDS01).

Chemical entity Physical and chemical properties

Portland Clinker <97%  Appearance ﬁ};‘_l\rlwve;]ﬁgwder ranging in colour from grey to

Gypsum Boiling/Melting

-50 i I °
(CaS04.2H,0) 2-5% Point Melting point >1200°C
Limestone oo Specific
(CaCOs) 0-7.5% Gravity 30-32
. . Solubility in Slight, reacts on mixing with water forming
-10
Calcium Oxide  0-1% Water an alkaline (caustic) solution (pH >11)
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4.2.3.2 CF surficial treatment with bio-based chemicals

The entire process for the CF surficial treatment is schematically illustrated in Figure 4-
1. The vCFs underwent desizing by using acetone as a solvent within a reflux system at 60
degrees for a duration of 12 hours. In contrast to thermal desizing, this desizing process required
lower energy requirements and minimised the risk of damaging the CF surface, thereby offering
an alternative to high-temperature operations. The degree of desizing achieved through this
acetone treatment was previously validated and reported in the authors’ previous work [47].
The decrease in the oxygen-to-carbon ratio and functional groups in the XPS spectra, along
with the smoother fibre surfaces observed via SEM, collectively confirmed the successful

removal of the sizing layer.

After this initial treatment, the desized CFs were treated by TA/EA and CA individually
to produce two bio-based chemical-treated-CFs. For the first portion of desized CFs, the
solution was prepared by mixing TA and EA in an alkaline aqueous solution with a pH of 8.5
(1L for each batch) following the recommended mass ratio of 2:5 by Bashiri Rezaie et al. [34].
CFs were immersed in the respective solution allowing the reactions to proceed at ambient
temperature for the next 12 hours. The second portion of desized CFs was treated by a two-step
process. A mild air oxidation procedure at a relatively low temperature of 250°C for 30 minutes
was conducted. Subsequent to this pretreatment, the oxidised CFs were introduced into a 5%
CA solution and the mixture was heated in a reflux system maintained at a temperature of 90
degrees for an hour. For both treatments, a magnetic stirrer and a sonicator were employed to
facilitate mixing and ensure sufficient interaction between the fibre surface and the respective
chemicals. After the functionalisation, treated CFs were thoroughly rinsed with ethanol and
deionised water to remove the remaining unreacted chemicals on the surface, followed by the
drying process. For simplification, vCF was denoted as CF-V in this paper, while CFs treated
with TA and CA were designated as CF-TA and CF-CA, respectively.

OH

OH Nita
CF-TA o T N
b HO. {
OH HO,
H H Y
O S H \/\N
HH W X .
4 Michael Addition Hydrogen Bonding
R

—_— R
pH 8.5, 12hrs 3)

\/\ o o / . OH
N OH o,
x
R
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Figure 4-1. Schematic illustration of bio-based chemical CF surface modification.
4.2.3.3 Preparation of CF-reinforced cementitious composites

Two doses (0.1%, 0.5% volume of mixture) and two lengths (6mm, 12mm) of CFs were
examined, resulting in four combinations for each type of CF, as shown in Table 4-2. A
controlled mortar specimen without any CF was used as a reference, and a group of FRCC
specimens with vCFs were also prepared for comparison with the specimens containing bio-
based surface-modified CFs.

Dry CFs were mixed with cement initially and stirred for three minutes to ensure the
fibres were uniformly dispersed in the dry cement mix. Sand and water were then gradually
added to the mix and stirred until the flow value showed consistency as stated in BS EN 1015-
3 [48]. A vibration table was used to assist in compacting the mortar mixture and reducing
pores. The fresh mortar paste was poured into 50x50x50 mm3 moulds for compressive testing,
electrical resistivity measurement, and water absorption tests, and 40x40x160 mm3 moulds for
flexural testing. Subsequently, the specimens were demoulded and stored in a standard curing
environment (temperature of 23°C and 95% humidity) until testing. The mass ratios of cement,
water, and sand were specified as 1:0.55:1.5.

Table 4-2. Designations of FRCC specimens with varying dose, length, and surface
modification combinations.
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Samples ID

Surface modification (Dose-Length)

Dose (%)  Length (mm)

Controlled Mortar CM - -
0.1-6 0.1 6
0.5-6 0.5 6
CF-V/ CF-TA/ CF-VA
0.1-12 0.1 12
0.5-12 0.5 12

4.2.3.4 Characterisation and testing methods
CF Surface Characterisation

The surface morphology of CF was examined using a Zeiss Ultra Plus scanning electron
microscope (SEM) at an acceleration voltage of 10 kV with the SE2 detector. CF specimens

were directly mounted onto the specimen stub using carbon tape without coating.

Raman spectroscopies were recorded using a Renishaw Raman InVia Qontor Microscope
for CF specimen excitation, achieved with a Renishaw RL532C CW diode laser emitting at 532
nm. Spectra were recorded using the 50x objective, with the accumulation of 3 scans, 10-second

exposure, and a laser power of 3.95%.

CF surface chemical analysis was conducted by using X-ray spectroscopy (XPS) to
determine the success of surface modifications. X-ray photoelectron spectra were collected
using a Thermo Scientific K-alpha+ XPS spectrometer, equipped with a monochromatic Al K-
alpha X-ray source and a 180° double focusing, hemispherical analyser with a 128-channel
detector. A spot size of 400 pum was used. A spot size of 400 um was used with 10 scans for
each specimen to ensure accurate surface analysis while reducing the signal-to-noise ratio. The
instrument was operated in Constant Analyzer Energy (CAE) mode, with a pass energy of 50.0
eV for high-resolution elemental scans and 200.0 eV for wide survey scans, optimising energy
resolution. A step size of 0.10 eV was employed, allowing for the precise determination of the
binding energies of surface elements. Analysis of photoelectron spectra was carried out using
the Avantage (v6.6.0 Alpha) software [49].

A Bruker Innova atomic force microscope (AFM) was employed to acquire 3D
topographical images at the nanometre scale for quantitative analysis of surface roughness.

Prior to testing, a very thin layer of CFs (approximately 5 x 5 mm area) was adhered to carbon
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double-sided tape to ensure no movement of each individual CF, with silver paint used to fix
both ends. The AFM tip scanned the CFs in tapping mode, focusing on surface features with a
scan rate of 0.5 Hz and scan ranges of 2 um. Nasoscope Analysis software (3.0) [50] was then

used for cropping, processing, and calculating the roughness of the images.

In order to determine the dispersibility of CF before and after surface treatments, the Zeta
potentials of CF suspensions were measured with the Malvern Zetasizer Nano-ZS. During the
process, CF suspensions were prepared at three different concentration levels: 0.1%, 0.2%, and
0.3%. The separation or uniform dispersion of CF with different treatments was also visually

assessed at three different time intervals.
Single fibre tensile test

Single fibre tensile test (SFTT) was performed according to ASTM C1557-20 [51] using
a Dynamic Mechanical Analyser (DMA) 850 with an 18N load cell. Single CFs were randomly
sampled from virgin and surface-modified CF bundles for testing. For the preparation of the
test specimens, typical paper coupons (24mmx7mm) were used with a 12mm gauge length. A
5mm diameter hole was created in the middle of the tab, and superglue was used to secure the
fibre’s position. Before loading, a test specimen was positioned and secured by tensile clamps
into the DMA machine. The axis of a single CF was oriented perpendicular to the crosshead of
the machine. The paper coupon was then cut along the middle line. The experimental setup is
illustrated in Figure 4-6. An initial load of 0.01N was introduced before the commencement of
the loading phase to ensure the fibre was properly engaged and resisting the load. The crosshead
was then set to operate at a speed of 0.2 mm/min. A small portion of each CF sample was
collected for measuring the fibre diameter using SEM.

A two-parameter Weibull statistical analysis was performed to assess the variability of
the tensile strength across 30 single fibre specimens for each type of CF. The data were fitted
to a linearised Weibull distribution, yielding a correlation coefficient R? > 0.9, indicating a
strong linear relationship and minimal variability in fibre tensile strength [52]. The Weibull

probability (P), was calculated using the following equation:
P=1-exp[-(>)™ 4-1
0o

where P represents the cumulative probability of failure of a CF at applied tensile stress
o, m is the Weibull modulus (or shape parameter) characterising the variability in fibre strength,
and g, is the Weibull scale parameter, also known as the characteristic stress. The probability

P for each data point is determined using the median rank method:
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where n is the total number of sample points, and i represents the rank of each data point.
By rearranging the Weibull probability expression into a linearised form, the Weibull modulus

m and scale parameter g, can be determined through linear regression.
Flowability and mechanical properties

The effect of CF surface modification on FRCC flowability was investigated by
conducting a flow table test based on BS EN 1015-3 [53]. Compressive strengths of 50x50x50
mm? cubic specimens at 28 days were determined using an MTS Sintech 65/G machine with a
300kN load cell at a loading rate of 0.5mm/min, in accordance with ASTM C109/C109M [54].
The combination of 0.1% dosage and 12 mm CF length was selected from each group for an
additional round of flexural testing, based on the optimum compressive strength results (Section
4.2.4.4). The 28d flexural strengths were evaluated using a three-point bending test on
40x40x160 mm? prism specimens at a loading rate of 0.1mm/min according to ASTM C348—
21 [55]. Three duplicated specimens were used for mechanical testing. A digital image
correlation (DIC) system was implemented to monitor surface cracks with high resolution
during the bending tests. A Canon EOS 6D Mark Il camera equipped with an EF 24-105mm
lens, was used to capture surface patterns (white speckles on a black background) at regular

intervals of 3 seconds throughout the testing.
Bulk resistivity measurement and water absorption

Bulk resistivity and water absorption measurements were also conducted using 50x50x50
mm? cubic specimens. The testing allowed for the evaluation of the impact of various factors,
including CF surface treatment, lengths and concentrations on FRCCs’ electrical properties and
durability. Water absorption served as a key indicator of the total porosity in cementitious
materials by measuring the total amount of water absorbed. The measuring procedure followed
AASHTO T 358-15 [56] for bulk resistivity and ASTM C948-81 [57] for water absorption.

Microstructural analysis

The Zeiss Ultra Plus SEM was also used to investigate the internal microstructure of 28-
day specimens, focusing on the interfacial transition zone (ITZ) between CFs and the
cementitious matrix. Smaller mortar samples (5-10 mm) were collected after mechanical

testing and coated with a 10 nm layer of gold spray to reduce surface charging for imaging
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quality. During the test, the acceleration voltage and working distance were set to 10 kV and

around 8 mm, respectively.

4.2.4 Results and discussion
4.2.4.1 Surface characterisation of modified CFs

The SEM images of the CFs before and after bio-based treatments revealed minimal
physical differences, as anticipated, indicating no observable damage during the process. CF-
V showed a completely smooth surface (Figure 4-2 (a)). In contrast, a coating layer was
observed on the CF surface after the co-deposition of TA and EA, resulting in a less distinct
and flat surface profile, as shown in Figure 4-2 (b). Additionally, protrusions and deposits were
clearly visible on the surface (Figure 4-2 (c)). The CF surface treated with CA also exhibited
an irregular texture with some agglomerates covering the surface (Figure 4-2 (d) to (e)). These
features suggest successful chemical deposition and alteration of the surface morphology,

potentially increasing its physical roughness.

To evaluate the changes in the carbon structure on the CF surface subjected to bio-based
treatments, the Ip to I ratio from Raman spectra (calculated as the ratio between the integral
areas under the D and G bands) was determined. The D and G bands are two prominent peaks
at around 1350 cm™ and 1600 cm™. The D band presents the disordered structures within
graphite, while the G band corresponds to the planar configuration of carbon atoms. Thus, Ip/lg
ratio in this study was used for measuring any structural disorder resulting from the treatments.
Figure 4-2 (f) plot displays the comparison of intensity ratios of Ip/lg before and after bio-based
treatments. The CF-V had a ratio of 1.66. In comparison, the CF-TA and CF-CA showed slight
increases of 1.5% and 3.2% individually. Hence, the results indicate that more disordered sites
were introduced onto CF surfaces due to the surface modification without causing significant
damage, which is expected to enhance the interactions between CF surfaces and the

cementitious matrix.
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CF-V CF-TA CF-CA

Figure 4-2. SEM images on the surface morphology of (a) CF-V, (b) to (c) CF-TA, (d) to (e)
CF-CA; and (f) Raman Spectroscopy Ip/lc.

The chemical composition of the CF surface was investigated by XPS to evaluate the
effectiveness of the bio-based modification. Figure 4-3 (a) shows the wide-scan XPS spectra of
all three CF bundles. As expected, all specimens show dominant peaks at around 533 eV and
285 eV, corresponding to oxygen (O1s) and carbon (C1s), respectively. Minor peaks of nitrogen
(N1s) and silica (Si2s and Si2p) are also observed. The oxygen-to-carbon ratio of CF-V was
detected as 0.219, consistent with the findings of previous research conducted by other authors

[30], while only minimal traces of nitrogen were found, with a nitrogen-to-carbon ratio of 0.009.

The spectra of TA- and CA- modified CFs showed increased proportions of both oxygen
(O/C) and nitrogen (N/C) after treatment, as listed in Figure 4-3 (d). The high resolution of
C1s, N1s and O1s spectra are displayed in Figure 4-3 (b), (c) and (). For CF-V, the main peaks
were attributed to C-C, C-O, C=0, and O-C=0/COOH, with C-C and C-O accounting for
62.8% and 27.2%, respectively. The high proportion of C-O peaks observed in both the C1s
and Ol1s spectra is attributed to the presence of a commercial sizing layer typically applied to
as-received T700 CFs. In the case of CF-TA, the wide peak at 289.6 eV (accounts for 2.4%)
indicated the n-m interactions between the electron clouds of the aromatic rings in TA and those
on the CF, enhancing the adhesion of TA to the CF surface [35]. The additional C-N peaks
(accounting for 20.1%) were observed at 285.5 eV, alongside the existing peaks. The N1s
spectrum also exhibited more distinct nitrogen peaks at 400.2 eV (-NH-), 401.3 eV (-NH32-),
and 397.8 eV (=N-). In mild alkaline conditions, EA reacts with the phenolic hydroxyl groups
of TA to form a polymeric layer on the CF surface [34]. Based on the XPS qualitative and
guantitative analysis, the participation of EA and TA on the CF surface is evidenced through
reactions, including Michael addition, Schiff-base reactions, or hydrogen bonding. This is
further supported by the significant increase in carbonyl groups (C=0 /O-C=0) in the Ols
spectrum, which rose from 2.92% in CF-V to 22.37% in CF-TA (Figure 4-3 (f)), indicating the

successful introduction of additional oxygen-containing polar functionalities.
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In the bio-based treatment using CA, in addition to the increased O/C and N/C ratios from
the XPS survey, the high-resolution C1s spectra of CF after CA treatment revealed certain C-
O groups (18.5%) and higher proportions of C=0 (12.6%) and O-C=0/COOH (5.2%)
compared to CF-V. This indicates that CA underwent dehydration of carboxyl groups and
esterification reactions with the carboxyl groups, resulting in the presence of ester groups and
anhydride bonds. Both the O1s spectrum and quantitative O1s deconvolution (Figure 4-3 (e)
and (f)) revealed a marked increase in C=0 / O—C=0, reaching 21.04%. CF-CA also exhibited
a moderate level of -COOH, suggesting the presence of residual carboxyl groups following the
treatment process. The introduction of additional functional groups on the CF surface is also

expected to contribute to increased reactive interaction between CF and the cementitious

matrix.
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Figure 4-3. (a) XPS Survey, (b) & (c) High-resolution C1s & N1s spectra, (d) Surface element
atomic ratios, and (e) & (f) High-resolution of O1s spectra of CF surface from XPS analysis.
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In addition to morphology, graphite structure, and chemical information on the CF
surface, visualising the topography also helps in understanding the effects of bio-based
treatment on the CF surface and its impact when incorporating these CFs into a cementitious
matrix. In this case, AFM was used to scan the CF surface and provide quantitative roughness
analysis at the nanoscale. The topography and surface height profiles are presented in Figure 4-
4 (a). The scans focused on the area of 2 x 2um. The cross-sectional height profiles were
extracted along the midline of each scan area, as indicated by the green arrows. It is observed
that CF-V exhibited a relatively smooth surface, consistent with the SEM images, while CF-
TA and CF-CA displayed varying degrees of roughness. From these images, the deposits on
the curvature of the CF surface are more clearly visible. A layer of protrusions of varying
heights was clearly observed on the CF-TA surface, and noticeable deposits were also evident
on the CF-CA surface. (as highlighted by the green circles in Figure 4-4 (2)). The images were
then processed with 2nd order flattening for roughness calculations, which means only the
height variations on the surface were considered, excluding curvature influences. As seen in
Figure 4-4 (b), the brightness shown on the processed 2D images represents the height
variations. Average roughness (Ra) and root mean square roughness (Rq) were compared to
provide a more comprehensive assessment of surface texture. Ra provides a general measure of
surface roughness by averaging deviations from the mean line, whereas Rq accounts for the
variation in roughness by giving more weight to larger deviations. Although Ra offers a
simplified representation of surface texture, it lacks the sensitivity to accurately reflect the
morphological characteristics of surface irregularities. Due to the coating layer on the CF-TA
surface, the roughness of CF-TA doubled, with a significant increase of 103.8% in Ra and
88.4% in Rq, compared to CF-V. This reflects the uniform and substantial roughening effect.
The yellow highlights regions of interest where distinct surface features are observed. In
contrast, there was a reduction in Ra (-24.5%) after treatment with CA, but Rq is larger than
that of CF-V (+12.5%), compared to CF-V. The as-received CF-V contains a sizing layer, which
contributes to its initial surface roughness. The decrease in Ra following CA treatment likely
reflects the removal of this sizing layer through desizing process. Meanwhile, the increase in
Rq indicates greater surface height variation. This divergence suggests that the CA treatment
created a less uniformly rough surface with localised surface features of greater height variation.
These variations are evident in the brighter spots highlighted in yellow in the 2D AFM images
of CF-CA in Figure 4-4 (b).
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Figure 4-4. (a) Representative AFM images and surface height profiles, and (b) surface
roughness of CFs.

4.2.4.2 Dispersion level and tensile strength

The dispersity of CFs in cementitious materials before and after bio-based treatment was
characterised by zeta potential testing. The zeta potential value was measured to assess the
stability of CF suspensions, with larger absolute values indicating greater stability. Short CFs
were milled and sieved into powder passing through 600 um sieves, with a dosage of up to
0.3% considered suitable for measuring the CF suspension in the cuvette. The mixed suspension
was sonicated before being injected into the cuvette for testing. The dispersion of CF in water
was monitored for up to 120 minutes. Figure 4-5 (b) provides a visual comparison between the
two treatments, demonstrating that TA treatment resulted in a better dispersion. Visual
observations were recorded at three time points: 30, 60, and 120 minutes. CF-V suspension was
observed either floating on the surface of the suspension or depositing at the bottom, with
separation becoming more pronounced over time. In contrast, CF-TA exhibited enhanced
uniformity of dispersion in water and resistance to agglomeration. The influence of bio-based

treatments and different CF concentrations in solution on the zeta potential values was
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investigated. As shown in Figure 4-5 (a), for CFs both before and after treatment, zeta potential
values decreased from 0.1% to 0.2%, indicating the best stability at 0.2%, and increased slightly
at 0.3%. Compared to the CF-V measured at -25 mV at 0.2%, CF-CA and CF-TA had larger
negative values of -29.77 mV and -25.97 mV, respectively. This results in greater electrostatic
repulsion between CFs, especially for the TA-treated ones, due to modifications in fibre surface
chemistry. Both bio-based treatments introduce multiple functional groups onto the CF surface
(as seen in Figure 4-1), thereby enhancing the hydrophilicity and negative charge. These surface
modifications expand the electrical double layer surrounding fibres, intensifying electrostatic
repulsion [58, 59]. This repulsive force counteracts van der Waals attractions and mitigates
hydrophobic interactions that typically lead to fibre agglomeration [58]. In cementitious
suspensions, the enhanced electrostatic interactions are critical for maintaining fibre separation,

thereby improving dispersion stability.

Overall, the results demonstrate the beneficial impact of functional groups on the CF
surface introduced through bio-based chemical surface modification. This kind of surface
modification enhances CF dispersion and stability in the mixture, preventing fibre
agglomeration. Consequently, it potentially facilitates better interactions between CF and the

cementitious matrix and reduces void formation.
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Figure 4-5. (a) Zeta potential of different CF suspension concentrations, and (b) Visual
observation of CF dispersion in water.

The effect of bio-based surface modification on fibre tensile strength was investigated
using SFTT performed with a DMA machine. The results of average and median tensile
strength are shown in Figure 4-6 (a). While fibre strength is typically affected by surface defects
[52], the bio-based treatment employed in this study did not significantly alter the axial tensile
strength of individual CFs. The treated fibres maintained even slightly higher strength capacity,
and no substantial damage occurred during the treatment process, as the SEM images confirmed

(Section 4.2.4.1). This preservation of strength was observed despite a slight increase in the
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Io/lc ratio (up to 3.2%), as indicated by Raman analysis. This can be attributed to the surface
morphology resulting from the treatment with these bio-based chemicals. The deposition of TA
and EA formed a nano-layer coverage on the CF surface, which effectively covered minor

defects [60]. Similarly, gentle surface modification with CA also produced a smoothing effect
on the CF surface.

As shown in Figure 4-6 (b) and Table 4-3, a two-parameter Weibull statistical analysis
was conducted to evaluate the adequacy of the collected data points (comprising 30
measurements in this study) in determining the variability of SFTT. The Weibull modulus
increased from 6.86 for CF-V to 7.25 and 8.31 for CF-TA and CF-CA, respectively, indicating
relatively homogeneous bio-based treatment and less variability in the strength of CF.
Concurrently, the scale parameter for bio-based treated CFs showed a slight increase compared
to CF-V, suggesting an improvement in overall strength. All the correlation coefficients (R?)
derived from the tensile testing were ensured to be greater than 0.9, indicating that these
measurements followed a statistical distribution and were acceptable for evaluating the tensile
performance with negligible variability [52, 61].
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Figure 4-6. (a) Tensile strength, and (b) Weibull distributions for SFTT.
Table 4-3. Weibull parameters for SFTT.

Linear Trendline Weibull Modulus Scale Parameter
. R-squared Value
Equation (m) (00)
CF-V y =6.859x - 9.575 0.92 6.86 4.03
CF-TA y=7.2471x - 10.217 0.92 7.25 4.10
CF-CA y =8.305x - 11.666 0.90 8.31 4.07
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4.2.4.3 Flowability, porosity and bulk resistivity of FRCC

The incorporation of CFs notably impacted the flowability of the fresh cement paste as
CF dosage and length increased. As shown in Figure 4-7 (a), visual observation during the
casting process revealed that the CM fresh paste appeared smooth without fibre addition. In
contrast, the pastes with incorporated CFs exhibited a rougher surface with visible entangled
fibres, primarily due to fibre agglomeration and air entrapment. Figure 4-7 (b) also indicates
that, compared to CM, the incorporation of CFs reduced the flow value in all combinations,
with up to a 26.52% reduction observed in the mix CF-V/0.5-12 compared to CM in the flow
table test. Bio-based surface modification was employed to mitigate the potential side effects
caused by the incorporation of CFs. The flowability of the mixes with surface-modified CFs
(CF-TA and CF-CA) showed different levels of improvement compared to CF-V. The mix
containing CF-TA, incorporating 0.1% of 6mm modified CFs resulted in a 3.81% increase in
flow value. The influence of CF-CA on flowability was more pronounced, with an enhancement
in flow value of up to 11.73% of the mix with the addition of 0.5 vol.% 12mm CFs. The overall
improvement in the flowability of the cementitious mortar with bio-based modified CFs was
attributed to the hydrophilic CF surface. As discussed in Sections 4.2.4.1 and 4.2.4.2, the
chemical elements and functional groups attached to the CF surface after bio-based surface
modification included polar functional groups such as hydroxyl, carboxyl, and amine groups.
These groups enhance the hydrophilicity of CF surfaces, making them more compatible with
the cement matrix and improving dispersion. While hydrophilic CFs may absorb water, their
improved dispersion in the cementitious matrix can enhance the overall flowability. Compared
to CF-CA, CF-TA showed reduced flowability, likely due to greater water absorption.
Additionally, the relatively lower roughness of CA-treated CF compared to TA-treated CF
resulted in reduced internal friction within the cement matrix, leading to a more pronounced

enhancement in flowability.

Through water absorption measurements, it was revealed that the total porosity of all CF-
V mixes increased by up to 12.60% compared to the CM (Figure 4-7 (c)). This increase was
attributed to the additional ITZ between the vCF and the cement matrix, leading to the presence
of gaps and potentially due to the fibre clusters creating more voids. However, after bio-based
surface modification, this negative behaviour was mitigated for all combinations. Notably, the
voids were even reduced in the combinations of 0.1-6, 0.5-6, and 0.1-12 for both TA and CA-
treated groups, with reductions of up to 4.27% compared to the CM. This indicates that the

treated CFs potentially had a more uniform distribution, which reduced the fibre agglomerates
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and showed good interaction with the cement matrix, thus reducing 1TZ gaps and creating a

denser microstructure.

As shown in Figure 4-7 (d), the scatter with black lines represents the changes in surface
resistivity of the mortar specimens before and after the addition of CFs. A variation in electrical
resistivity was observed with different dosages and lengths of incorporated CFs with various
treatments. A significant drop in resistance was found in CF-V compared to the CM, primarily
due to the conductive CFs forming a network within the cement matrix. The increased voids
might also contribute to the reduced resistivity, but they were less likely to cause such a
substantial reduction. Compared to CM, CF-V led to a maximum reduction in electrical
resistivity of 71.64%. It is also clear that the electrical resistivity could be further reduced by
longer CF lengths and higher CF dosages. Compared to the CF-V group, the mortar containing
surface-modified CFs exhibited higher electrical resistance than untreated CFs. The bio-based
surface treatment on the CF surface, which increased roughness and the Ip/lg intensity ratio
while reducing porosity in the mix, resulted in slightly higher bulk resistivity in the FRCC
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Figure 4-7. (a) Visual comparison of fresh mortar samples, (b) Flow table test results, (c)
Water absorption and (d) bulk resistivity measurements.
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4.2.4.4 Mechanical strength of FRCC

Mechanical testing, including both compression and flexural strength, was conducted to
investigate the effects of bio-based surface modifications on the mechanical properties of the
CF at a curing age of 28 days. The test results were categorised into four groups, based on the
combinations of CF dosage and length, as shown in Figure 4-8 (a). The compressive strength
was compared across these groups and was also compared to the compressive strength of the
CM, indicated by the black dashed line. The specimens containing 0.1 vol.% 12mm CFs
exhibited higher compressive strength among the four groups tested. Specifically, the CF-TA
group achieved the highest compressive strength of 41.73 MPa, followed by the CF-CA group,
which reached 38.43 MPa. These values represent increases of 30.11% and 19.82%,
respectively, compared to CM. The outcomes indicate that the bio-based treated CFs were
superior in enhancing the compressive strength of FRCC, outperforming both the CM and CF-
V groups. Conversely, the CF-V specimens, which included 0.5 vol.% of 6mm and 12mm CFs,
demonstrated a decrease in compressive strength, with reductions of 10.96% and 3.14% relative
to the CM individually.

Three-point bending tests were conducted on the FRCC specimens with a 0.1 vol.%
dosage of 12mm CF to investigate the impact of different treatments on flexural strength. The
results indicate that the flexural strength follows a similar trend to the compressive strength
(Figure 4-8 (b)), with CF-TA demonstrating the highest flexural strength of 5.39 MPa, which
IS 32.11% higher than that of the CM at 4.08 MPa, and 11.13% higher than CF-V at 4.85 MPa.
The CF-CA also shows a relatively high flexural strength of 4.90 MPa.

Figure 4-8 (c) displays a typical load-displacement curve of FRCC during bending tests.
The progression of a crack in the middle region of the prism was captured through DIC images.
The first microcrack was initiated from the bottom of the prism when the specimen exceeded
its elastic limit. As the load increased, the curve exhibited non-linear behaviour, and the crack
propagated extensively upwards, indicating plastic deformation. After reaching the ultimate
flexural load, the load gradually decreased, with the assistance of CFs, demonstrating ductile
behaviour as the crack fully developed. The CFs in the FRCC exhibited a bridging effect,
effectively transferring forces to the surrounding cement matrix and facilitating a more uniform
stress distribution across the matrix. This mechanism enabled the FRCC to sustain higher loads
and improve its ductility, rather than experiencing brittle, sudden failure. In addition to the
dominant crack, a few fine microcracks were also observed. This suggests that the improved

interface between the CFs and the cement matrix is crucial, as it enhances the bridging effect
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provided by the CFs, leading to greater overall performance [62, 63]. After the bending test
failure, optical microscopy images revealed CFs being pulled out from one side, illustrating
their role as crack-bridging fibres. Small cementitious particles were still visibly adhered to the
surface of the CFs. These CFs slowed crack propagation by interacting with the cement matrix,

effectively providing resistance against further crack growth.

In addition to the fibre-bridging effect, the CF surface treatment facilitated the hydration
process in the surrounding cement matrix and enhanced the interfacial bonding characteristics
through both chemical and physical interactions. According to the authors' preliminary study
[47], fibre pullout tests demonstrated that surface-modified CFs exhibited notably enhanced
interfacial bond performance due to improved mechanical interlocking and chemical adhesion.
Specifically, CA-modified CF showed higher frictional resistance, whereas TA-modified CF
primarily benefited from stronger chemical bonding. Collectively, the bio-based surface
modifications resulted in up to an 18.3% increase in maximum bond strength compared to vCF.
Key values obtained from the fibre bundle pull-out tests are summarised in Table 4-4. A more

thorough analysis of the microstructural mechanisms is provided in the subsequent section.
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Figure 4-8. (a) Compressive strength for CM and FRCC specimens with CFs, (b)
Compressive and flexural strength for the specimens with 0.1 vol.% dosage and 12mm CF,
and (c) Crack pattern observation from DIC during bending test and microscopy images.

Table 4-4. Fibre bundles pull-out test results for virgin and modified CF embedded in
cementitious matrix (7-day cured).

TA-modified CA-modified

Virgin CF CE CE

Maximum bond strength T (MPa) 3.10 3.50 3.67
Interface friction bond strength tf (MPa) 2.38 2.49 2.67
Chemical bonding energy Gd (J/m2) 2.60 3.58 3.35

4.2.4.5 Microstructural analysis of the interface between CFs and the matrix

To validate the hypothesis and investigate the mechanism behind the improved interfacial
properties between CFs and the cement matrix developed through bio-based chemical
treatment, the internal microstructure of the FRCC specimens was observed using SEM. This
observation allowed for detailed visualisation of the fibre-matrix interface for CF-V, CF-TA
and CF-CA specimens. For CF-V specimens without CF surface treatment, it is evident that the
ITZ between the CF and cement matrix was not compacted, with a noticeable gap in between,
as shown in Figure 4-9 (a). During the initial loading phase, the fibres bridged the microcracks
(Figure 4-9 (b)), facilitating stress transfer across the cement matrix through the fibre-matrix
interface. As the applied load increased, the fibres ultimately underwent either pull-out or

rupture mechanisms, as evidenced in Figure 4-9 (c) and (d). However, the weak interfacial
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bonding between the CF and cement matrix led to insufficient load transfer, hindering the

composite’s mechanical performance and potential for higher load capacity.

For the bio-based surface-modified CF, enhanced interfacial bonding was attributed to
both chemical and physical mechanisms (as illustrated in Figure 4-9 (e) and (g)). The active
polar groups attached to the CF surface not only improved hydrophilicity, leading to stable fibre
dispersibility and better physical adhesion between CF and cement matrix, but also significantly
enhanced chemical bonding [32]. The synergistic co-deposition of TA and EA introduced both
hydroxyl (OH) and amino (NH.) functional groups onto the CF surface. These groups enhanced
fibre-matrix interactions by reacting with calcium ions (Ca?") from the cement matrix, thereby
promoting chemical ionic bonding between the CF and the cement matrix [33]. The
modifications resulted in a densified ITZ and enhanced interfacial bonding strength between
the cementitious matrix and the CF (Figure 4-9 (e)). In addition, the EDS results in Figure 4-10
indicate that the primary components of the hydration products were oxygen (16%), calcium
(7.9%), silica (4.4%), and minor aluminium (0.2%). The Ca/Si ratio of 1.8 suggests the presence
of calcium silicate hydrates (C-S-H) along with additional calcium hydroxide (Ca(OH)2) in the
hydration products surrounding the CF surfaces [64]. The CF channel morphology after pull-
out, observed in Figure 4-9 (d), exhibited a rough surface compared to the smooth surface
observed with the vCF. Residuals from the CF surface were observed in the channel, indicating
the interaction between the polymeric layer of CF-TA and the matrix. This interaction further
underscores the enhanced adhesion and mechanical performance of the FRCC. On the other
hand, the presence of major carboxyl (COOH) and other functional groups, such as hydroxyl
(OH) and carbonyl (C=0), on CF-CA surfaces facilitated the chemisorption of calcium and
aluminium ions (Ca?* and AI**) from the cementitious matrix [19, 33, 40, 42]. Subsequently,
these chemical interactions enhanced the precipitation of calcium silicate hydrates (C-S-H) and
calcium hydroxide (Ca(OH).), and other hydration products onto the CFs, leading to improved
fibre-matrix interfacial bonding [19, 31]. Figure 4-9 (f) depicts the robust adhesion between the
cement matrix and CFs, indicating that the fibres were effectively embedded within the matrix.
Figure 4-9 (g) shows the presence of residual hydration products remaining on the CF surface
after separation. Furthermore, it is expected that all these functional groups could form
hydrogen bonds and covalent bonds with cement hydrates, further strengthening the fibre-
matrix interface [19, 36].

The increased surface roughness of CF-TA and CF-CA enhanced the mechanical

adhesion to the matrix through improved frictional bonding, often referred to as mechanical
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interlocking [19, 34]. Higher roughness with a larger contact area provided more sites for the
nucleation and deposition of hydration products onto the CF surface [32]. Overall, the bio-based
surface modification of CFs effectively enhanced the fibre-matrix interfacial properties through
both chemical and physical mechanisms. The treatments improved the interfacial bonding

characteristics and compactness between the CFs and cement matrix, leading to enhanced stress

transfer efficiency and superior FRCC performance.

Figure 4-9. Micrographs of the interface between CFs and cementitious matrix: (a) to (c) CF-
V, (d) to (e) CF-TA, and (f) to (g) CF-CA.
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Figure 4-10. Micrograph and EDS analysis of CF-TA.

4.2.5 Summary of key findings from Section 4.2

This study developed environmentally friendly and effective surface modification
methods for CF using bio-based chemicals, TA and CA. Surface characterisation confirmed
that the co-deposition of TA and EA formed a polymeric layer through both covalent and non-
covalent interactions, significantly enhancing surface roughness with a 103.8% increase.
Additionally, bio-based treatments with TA significantly improved CF’s dispersion and
stability in cementitious materials, preventing fibre agglomeration and facilitating better
interactions with the cementitious matrix. Similarly, CA treatment introduced ester groups
through dehydration and esterification reactions, creating an irregular texture on the surface.
Both treatments maintained high CF strength capacity without damage. Mechanical testing of
FRCCs revealed that 0.1 vol.% 12mm CF-TA exhibited the highest compressive and flexural
strength, with increases of 30.11% and 32.11% compared to the controlled mortar, and 12.33%
and 11.13% compared to the FRCC with untreated CFs. The FRCC containing CF-CA also
demonstrated enhanced mechanical performance, with compressive strength gains of up to
19.82%. Active polar groups on the CF surface promoted chemical bonding and ion
chemisorption, improving hydration product precipitation and microstructure densification.
Increased surface roughness enhanced mechanical adhesion, leading to better interfacial

bonding and stress transfer, ultimately contributing to higher performance in carbon-FRCCs.

These bio-based surface treatments offer a sustainable and cost-effective method to

commercial-scale CF modification for construction applications. The demonstrated mechanism
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offers a clear pathway for industrial implementation, providing a foundational approach for
scaling up these bio-based surface modification techniques. Future work should focus on
optimising treatment parameters for manufacturing-scale production and exploring these
techniques for other fibre types to expand the portfolio of high-performance, eco-friendly

construction materials.
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4.3.1 Abstract

The use of electrochemistry to functionalise carbon fibre (CF) surface has proven effective in
enhancing the performance of polymer composites, offering benefits of time efficiency and
precise control. However, its current application to CFs within cementitious matrices remains
limited and confined to laboratory-scale studies, restricting broader implementation in the
construction industry. The bond between CF and the cementitious matrix is relatively poor due
to the CF surface's chemical inertness and hydrophobic nature, which hinders the effective
utilisation of fibre-reinforced cementitious composites (FRCC). This study addresses this issue
by functionalising CFs with diazonium aryl salts through an in situ electrochemical
modification process. This process applies a reductive potential of 3V to successfully graft
phenolic hydroxyl and amino functional groups onto the CF surface, enhancing the interfacial
strength. The debonding force of hydroxyl- and amino-functionalised CF within the matrix
increased by 48.33% and 9.70%, respectively, compared to the untreated CF specimens. The
active polar groups enriched the CF surface, notably enhancing chemical adhesion at the CF-
matrix interface. Additionally, the rougher surface improved the mechanical interlocking
mechanism and created sites for nucleation and hydration product deposition. Overall, the
FRCC specimens incorporating hydroxyl-functionalised CFs outperformed those with amino-
functionalised CFs, achieving the highest compressive and flexural increases of 32.30% and
21.04%, respectively, compared to the plain mortar. Moreover, this approach also reduced the

total porosity of FRCC, proving the formation of a denser microstructure. The results indicated
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the enhanced interfacial bonding efficacy by large-scale electrochemical treatment and
highlighted its promising potential for future applications.

Keywords: Carbon fibre; Fibre-reinforced cementitious composite; Surface modification;

Interfacial property; Mechanical property

4.3.2 Introduction

Portland cement is extensively used in the construction industry due to its high durability,
ease of application, and abundant availability of inexpensive raw materials [65, 66].
Conventionally, steel reinforcement has been incorporated to overcome the tensile weakness
and brittle behaviour of plain Portland cement concrete, thereby enhancing its overall
performance. On the other hand, the development of fibre-reinforced cementitious composites
(FRCC) has garnered increasing interest over the past 70 years, beginning with early work that
utilised steel and glass fibres within the cementitious matrix. Despite not possessing the tensile
strength as high as the continuous reinforcement bars, FRCCs are effective for crack control
due to the random distribution of short fibres throughout the cementitious matrix [67]. The
adoption of polyacrylonitrile (PAN)-based carbon fibres (CFs) into cementitious materials was
first reported in 1972, driven by their high specific strength, elastic modulus, and excellent
chemical stability [68]. In the 1980s, the use of pitch-based CFs was employed in practical
applications within the construction industry in Japan, offering a lower-cost alternative [69].
Moreover, due to the excellent electrical conductivity of CFs, carbon fibre-reinforced
cementitious composite (carbon-FRCC) has also been studied as a multifunctional structural
material, based on the concept of smart concrete [70, 71]. Since then, subsequent studies have
focused not only on the improved mechanical and physical performance of carbon-FRCCs [2,
72], but also on their functional capabilities, such as strain-sensing [73, 74], self-heating [75,
76] and electromagnetic shielding [77, 78]. Several studies have also revealed their specialised
applications in concrete walls and floors of buildings [16, 79], pavements [80-82] and strategic
structures such as power plants and military establishments [77, 83]. Although the initial cost
of virgin CF (vCF) is relatively high, buildings constructed with carbon fibre-reinforced high-
strength concrete require lower total lifecycle costs compared to traditional structures requiring
remediation and re-strengthening [72]. In addition, utilising vCF offcuts or recycled CFs (rCFs)
presents a promising opportunity to improve the performance of cementitious composites while

reducing economic costs and promoting sustainability [2, 62].
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However, the inherent hydrophobic nature of CF surface without treatment leads to a
greater tendency for CF agglomeration due to poor wettability and weak interfacial bonding
between CFs and the cementitious matrix [19, 20]. This limitation hinders the effective
utilisation of CFs and restricts the optimal mechanical performance of carbon-FRCCs.
Therefore, the surface functionalisation of CFs should be specifically tailored to enhance bond

behaviour when embedded within a cementitious matrix.

To date, different approaches have been proposed by researchers to modify the CF surface
in order to enhance interfacial load transfer between the CFs and the cementitious matrix.
Methods such as oxidation, plasma, electrophoresis and grafting treatment have been
recognised as effective strategies to alter CF surface [19]. These techniques chemically
introduce functional groups and form chemical bonds between CFs and the matrices, and
physically increase roughness to achieve better affinity between CFs and the surrounding
matrices. For example, Wang et al. [26] reported increases of 13.11% in compressive strength,
9.29% in splitting tensile strength, and 20.13% in flexural strength of concrete containing 0.3%
graphene oxide grafted CFs, compared to concrete with untreated CFs. The enhanced
roughness, which increased mechanical interlock, and the presence of functional groups that
promoted the formation of hydration products, contributed to better interfacial performance.
Consequently, this led to greater strength and toughness in fibre-reinforced concrete. Lavagna
et al. [22] reported significant improvements in both the electrical and mechanical properties of
FRCC following acidic oxidation treatment with a piranha solution for 30 min at 30°C. These
enhancements were attributed to the improved interaction and adhesion between the CFs and
cement matrix. However, both grafting and liquid oxidative modification have faced limitations
due to their time-consuming nature, complicated procedures and associated environmental
pollution implications. Li et al. [84] utilised a unique combination of nano silica and calcium
salts as electrolytes in electrophoretic deposition (EPD) modification, which ameliorated fibre
surface defects and enhanced physical anchoring between CF and cement. This modification
also increased oxygen-containing functional groups and improved the hydrophilicity of the CF
surface, resulting in the uniform formation of hydration products that densified the interfacial
transition zone (ITZ) through the reaction of silicon dioxide and calcium hydroxide. Li et al.
[85] improved up to a 25% increase in compressive strength and a 19% increase in flexural
strength in alkali-activated composites by adding 1% CFs compared to plain composites. This
enhancement was achieved through anodic oxidation during electrochemical modification in a

sodium hydroxide electrolyte. Considering their low energy consumption, time efficiency,
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simplicity in operation, and environmentally safe nature, EPD and anodic oxidation are
identified as promising approaches for CF surface modification before mixing into cementitious

matrices [19].

Building on the principles of CF surface modification for cementitious materials as
discussed above, electrochemical oxidation presents a promising alternative method. Currently,
this technique has been widely adopted for CF surface functionalisation to enhance the
interfacial properties of the composites in the polymer industry, owing to their speed and
controllable performance [86]. The effectiveness of the functionalisation largely depends on
factors such as the duration of treatment, electrolyte solution, its concentration and the applied
potential [87, 88]. Following oxidative processes, the surface activity of CFs is significantly
enhanced, introducing functional groups that improve interfacial bonding between the CFs and
polymer matrix. Nevertheless, the CF strength can be reduced under aggressive oxidative
treatment conditions, such as increased voltage and extended treatment times, which could lead
to damage to the CF surface [19, 89]. Furthermore, the formulation for the electrochemical
approach is determined on a case-by-case basis, meaning that it may not be compatible with
various matrix systems. Notably, to the authors’ knowledge, the application of electrochemical
oxidation for CF in cementitious matrices is still very limited, with only a few studies having
developed appropriate electrochemical methods for this purpose. According to Li et al. [88]’s
research, anodic oxidation in pore solutions shows significant potential for improving the
compatibility between CF and cementitious matrices. Their study demonstrated a 37.9%
increase in the shear bond strength of CF with a treatment voltage of 3V and a duration of 15
minutes. Li et al. [85] investigated the anodic oxidation of rCF in sodium hydroxide solution to
enhance the mechanical properties of CF-reinforced alkali-activated composites. With the same
duration and voltage (15 minutes, 3V), this method improved flexural performance by
increasing interfacial adhesion through the introduction of acidic groups on the rCF surfaces,
which can form chemical bonds with the matrix. However, this remains an ongoing research
topic, with current constraints such as the need to scale up to continuous production. Further
investigation into the electrochemical treatment parameters and their long-term environmental

impact is essential.

In the field of electrochemical treatment, grafting using diazonium salts has been proven
to be a more efficient method for covalently functionalising CF surfaces [90, 91]. This method
involves grafting small molecules onto the CF surface to promote stronger interaction between

the matrix and the CF surface. The use of a reductive potential under relatively mild conditions
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benefits the process by preventing detrimental effects on the CF properties while still activating
the CF surface and reducing its inertness [89, 90]. The use of cyclic voltammetry (CV) allows
for better control of the potential and duration, ensuring that over-oxidation and damage to the
CFs are avoided. Inspired by the benefits of this technique and its successful application in
enhancing the performance of carbon-fibre reinforced polymer (CFRP) composites, this paper
aims to investigate the effects of electrochemically functionalised CFs on interfacial adhesion
within cementitious composites. The objectives include physical and chemical characterisation
of hydroxyl- and amino-functionalisation on CF surfaces, as well as examining the influences
of these surface modifications on the interfacial properties and performance of the resulting
FRCCs.

4.3.3 Materials and methodology
4.3.3.1 Materials

The CF used in this study was T700SC-12000-50C, supplied by Toray Industries, Inc.
(France). The chemicals, reagents, and solvents utilised in this research project were supplied
by Sigma-Aldrich (Australia) and used as received. The raw materials for the preparation of
cementitious composites include cement, fine aggregates and tap water. The cement used for
casting was general-purpose cement (type GP) as specified in Australian Standard AS3972 [45],
supplied by Cement Australia. Macka's sand, complying with AS2758.1 [46], was used as fine
aggregate. The CF and mortar raw materials were summarised in Table 4-5 to Table 4-7.

Table 4-5. Physical properties of CF.

Modulus of Elongation Density Diameter
Product No. Filaments Elongation (? 3y
(%) (g/cm?)  (um)
(GPa)
T700SC-12000-
50C 12k 230 2.1 1.8 7
Table 4-6. Properties of cement.
Chemical entity Physical and chemical properties
Portland Clinker <97% BOIIIr;gé;\r?teltlng Melting point >1200°C
Gypsum o - .
(CaS04.2H;0) 2-5% Specific Gravity 3.0-32
Limestone (CaCOs) 0-7.5% Slight, reacts on mixing with
) _ Solubility in Water water forming an alkaline
Calcium Oxide 0-1% (caustic) solution (pH >11)
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Table 4-7. Properties of fine aggregate.

Chemical entity

Physical and chemical properties

Crystalline Silica

0
(Quartz) >95%
Mineral and Organic <5%
impurities

Particle size distributions

Boiling/Melting

Point Melting point >1200°C

Specific Gravity 2.7

Slight, reacts on mixing with

Solubility in Water water forming an alkaline

. Passed . .
Sieve (mm) (%) solution (caustic, pH>11)
118 100 Uncompac_ted bulk 1.48 Um?
Density
0.6 100 Compacted bulk 1.62 t/m?
Density
0.425 o1 Methylene Blue
0.3 40 Adsorption Value 2 mg/g
0.15 1 Water Absorption 0.30%
0.075 0 Sodium Sulphate 0.20%
Soundness

4.3.3.2 Electrochemical grafting for functionalisation of CF

The surface modification process utilised a scale-up, continuous functionalisation
production line. This setup includes a series of stations, such as a furnace, electrochemical bath,
wash bath, dryer, and spooling system. Firstly, the CF de-sizing process was subjected to a
thermal treatment in a furnace at 450°C for 6 minutes. This process ensured the removal of the
sizing designed for the resin system compatibility, providing a clean substrate for further
chemical modifications. The desized CFs obtained were then immersed in an electrochemical
bath with diazonium salts, generated in situ to facilitate the functionalisation process. The
electrochemical setup was configured to allow for the controlled application of a reductive
potential. A reductive potential of 3 VV was passed through the CFs to form the corresponding
aryl radical, which enabled the covalent attachment of the chosen functional group. The
synthesis mechanism of electrochemical grafting of 4-aminophenol (4AMP) and 4-nitroaniline
(4NA) onto the CF surface is illustrated in Figure 4-11. At lower concentrations, the active
areas on the CF surface participated in the grafting reaction, facilitating the installation of the
desired chemical groups. The reaction conditions were carefully monitored to ensure optimal
radical formation and functionalisation efficiency. Similar detailed procedures for CF grafting

solution preparation and grafting operations were reported in the authors’ previous studies [89].
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After the completion of the treatment, the CFs underwent two wash baths to remove any
unreacted diazonium species and by-products from the electrochemical reaction. The washing
process was conducted using suitable solvents to eliminate any physiosorbed content on the CF
surface before drying under reduced pressure. After washing, CFs were dried under controlled
conditions to eliminate any residual moisture. Once dried, the CFs were spooled for subsequent

characterisation and application in cementitious composites.

OH OH OH
<> NaNO,/H* @ -Nz(g)
5 \ OH
) NH, CN; C
D D

CF Surface

NO 02

<> NaNO,/H* @ -Na(g)
(b) 2
NH, (Nz ? ?

CF Surface

Figure 4-11. Reaction mechanism for surface modification on CF surfaces using (a) 4AMP to
form hydroxyl-grafted CFs, and (b) 4NA to form amino-grafted CFs.

4.3.3.3 Preparation of FRCC specimens

Two lengths (6 mm, 12 mm) and two doses (0.1%, 0.5% volume of mixture) of CF were
examined, leading to four combinations (FRCC specimens) for each type of CF; see Table 4-8.
A controlled mortar specimen without any additives was used as a reference, named CM.
Additionally, a group of FRCC specimens with vCFs was prepared for comparison with the
FRCC specimens containing functionalised CFs. Untreated vCFs and those functionalised with
hydroxyl (OH) and amino (NHz) and their corresponding cementitious composites are denoted
as CF-V, CF-OH, and CF-NHa.

Dry CFs were mixed with cement and stirred for three minutes to ensure the fibres were
uniformly dispersed in the dry cement mix. Sand and water were then gradually added to the
mix and stirred until the flow value showed consistency as stated in BS EN 1015-3 [48]. A
vibration table was used to assist in compacting the mortar mixture and reducing pores. The
fresh pastes were poured into 50x50x50 mm?3 moulds for compressive testing, electrical

resistivity measurement, and water absorption testing; 40x40x160 mm3 moulds for flexural
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testing; and 25x25x285 mm3 prism moulds for shrinkage measurements. Subsequently, the
specimens were demoulded and stored in a standard curing environment (temperature of 23°C
and 95% humidity) until testing. The mass ratios of cement, water, and sand were specified as
1:0.55:1.5.

Table 4-8. Samples IDs indicating corresponding surface modifications and parameters.

Designation of surface modifications Sarlng les D?OS/? )ge Length (mm)
Controlled mortar without CF addition CM - -
0.1 6
0.5 12
Untreated vCF (T700SC-12000-50C) CF-Vv 01 6
0.5 12
0.1 6
. 0.5 12
Using 4AMP CF-OH 01 5
Electrochemical grafting 0.5 12
functionalised CFs 0.1 6
Using4NA  CF-NH2 0.5 12
0.1 6
0.5 12

4.3.3.4 Methods
CF surface characterisation

To examine the microstructural changes of elements and chemical bonds on CF surface,
X-ray Photoelectron Spectroscopy (XPS) was performed using a Thermo Scientific K-alpha+
XPS spectrometer, which provided evidence for the successful grafting of CFs. A spot size of
400 um was employed, and the signal was accumulated for 10 cycles for each sample to ensure

accurate data collection.

The morphology of CF surface was observed using a Zeiss Ultra Plus scanning electron
microscope (SEM) at an acceleration voltage of 10 kV with the SE2 detector. D surface
morphology and roughness analysis before and after functionalisation were also performed
using a Bruker Innova atomic force microscope (AFM). A very thin layer of CF filaments was
attached to the substrate with double-sided carbon tape, and silver paint was used to fix both
ends to ensure no movement. The scanning was performed in tapping mode with a 5 x 5 pym

range and a rate of 0.5 Hz. Additionally, the surface defects of CFs were analysed using Raman
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spectroscopy. A Renishaw Raman InVia Qontor Microscope was utilised for CF specimen
excitation, achieved with a Renishaw RL532C CW diode laser emitting at 532 nm. Spectra
were recorded using the 50x objective, with the accumulation of 3 scans, 10-second exposure,

and a laser power of 3.95%.
Fibre tensile test and pullout test

Single fibre tensile test and pullout test were performed using Dynamic Mechanical
Analyser (DMA) 850 with an 18N load cell. Single CF tensile tests were conducted following
ASTM C1557-20 [51]. Single CFs were randomly sampled from vCF and treated CF bundles
for testing. For the preparation of the test specimens, typical paper coupons (24mmx7mm) were
used with a 12mm gauge length. A 5mm diameter hole was created in the middle of the tab and
superglue was used to secure the fibre’s position. Before loading, a test specimen was
positioned and secured by tensile clamps into the DMA machine. The axis of a single CF was
oriented perpendicular to the crosshead of the machine. The paper coupon was then cut along
the middle line. The experimental setup is illustrated in Figure 4-12 (a). An initial load of 0.01N
was introduced before the commencement of the loading phase to ensure the fibre was properly
engaged and resisting the load. The crosshead was then set to operate at a speed of 0.2 mm/min.
After each tensile test, a small portion of each CF sample was collected for measuring the fibre
diameter using SEM.

A two-parameter Weibull statistical analysis was performed to assess the variability of
the tensile strength across 30 single fibre specimens for each type of CF. The data were fitted
to a linearised Weibull distribution, yielding a correlation coefficient R2 > 0.9, indicating a
strong linear relationship and minimal variability in fibre tensile strength [52]. The Weibull

probability (P), was calculated using the following equation:
P=1-exp[-(2)™] 4-3
0o

where P represents the cumulative probability of failure of a CF at applied tensile stress
o, m is the Weibull modulus (or shape parameter) characterising the variability in fibre strength,
and g, is the Weibull scale parameter, also known as the characteristic stress. The probability

P for each data point is determined using the median rank method [92-94]:

p =193 4-4

n+0.4
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where n is the total number of sample points, and i represents the rank of each data point.
By rearranging the Weibull probability expression into a linearised form, the Weibull modulus

m and scale parameter oo can be determined through linear regression.

To study the effect of functionalisation on the interfacial bonding properties between CFs
and the cement matrix, a typical setup for casting samples was designed for CF bundle pullout
tests. Fresh cement paste with a fixed water-to-cement ratio of 0.55 was poured into a custom-
designed steel mould (Figure 4-12 (b)), based on the setup described by Katz and Li [95] for
micro-fibres with fine diameters in a cementitious matrix. The specimen was cured in a standard
moist environment at a temperature of 23°C until 7-day testing. Testing specimens (10 mm x
10 mm x 5 mm) were precisely cut from the hardened cement blocks, resulting in a 5 mm
embedded fibre length. As depicted in Figure 4-12 (b), the top end of the fibre bundle was glued
to a masking tape tab, allowing it to be clamped onto the frame. The lower end of the fibre
bundle was embedded into a square cementitious cube. This cube was then adhered to a sample
holder, ensuring that the fibre bundle was positioned centrally within the frame and could be
vertically pulled out. An initial load of 0.01N was introduced before the commencement of the
loading phase. The crosshead was then set to operate at a speed of 0.5 mm/min. The interfacial

shear strength (IFSS) was obtained using the following equation [96]:

P
7 = Pmax 4-5
mdL

where Pmax is the maximum pullout load, d is the diameter of the CF bundle
(representing the external boundary of the fibre bundle), and L is the embedded length of the
bundle. IFSS for each CF type was calculated as the average of three specimens. The chemical

debonding energy G, was calculated using the following equation [97]:

G, = 2(Fq—Fp)?
d n2Ed3

4-6

where E is the elastic modulus of the CF, Fa is the maximum debonding force, and Fb is

the maximum frictional force.
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Figure 4-12. Illustration and photos of (a) single CF tensile test and (b) CF bundle pullout test.

FRCC testing method

The effect of CF surface modification on flowability was investigated by conducting a
flow table test based on BS EN 1015-3 [53]. Compressive strengths of 50x50x50 mm? cubic
specimens at 28 days were determined using an MTS Sintech 65/G machine with a 300 kN load
cell at a loading rate of 0.5mm/min, in accordance with ASTM C109/C109M [54]. The 28d
flexural strengths were evaluated using a three-point bending test on six 40x40x160 mm? prism
specimens at a loading rate of 0.1mm/min according to ASTM C348-21 [55]. Three duplicated
specimens were used for mechanical testing. After mechanical testing, small cementitious
samples (5-10 mm) were collected from the failed FRCC specimens and observed under SEM
to evaluate the interfacial transition zone (ITZ) between the CFs and the cementitious matrix.
Prior to imaging, samples were coated with a 10 nm layer of gold to improve surface

conductivity and minimise charging effects.

Bulk resistivity and water absorption measurements were both conducted using
50x50x50 mm? cubic specimens. The testing allowed for the evaluation of the impact of CF
surface treatment, lengths and concentrations on FRCCs’ electrical properties and porosity.
Water absorption served as a key indicator of the total porosity in cementitious materials by
measuring the total amount of water absorbed. The measuring procedure followed AASHTO T
358-15 [56] for bulk resistivity and ASTM C948-81 [57] for water absorption.

Two replicate specimens of each cementitious composite were cast into 25x25x285 mm?
prims for the measurement of drying shrinkage by using a length comparator according to
ASTM C490/C490M-2 [98]. The initial length reading was measured at the age of 3 days from
demoulding. Then the specimens were cured in a humidity chamber in a controlled environment
with a temperature of 23°C and a relative humidity of 50%. Subsequent measurements were

then taken at various time points to monitor any changes in length.
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4.3.4 Results and discussion
4.3.4.1 Functionalised carbon fibres

The wide-scan XPS survey of CF before and after electrochemical functionalisation is
shown in Figure 4-13 (a). From this figure, the main chemical elements on the surface of
untreated vCF were carbon (C) at 286 eV and oxygen (O) at 533 eV, while the CF after
treatment contained additional fluorine (F) at 687 eV and nitrogen (N) at 401 eV. Fluoride was
detected on the surface, possibly as a remnant of the spin finish used in the manufacture of PAN
or from the tap water used in the washing processes, therefore F1s peaks could be observed in
the XPS survey spectra of the functionalised CFs. The slight increase in silica (Si) content after
functionalisation suggests formation of Si-F bonds, likely accounting for the fluoride detected
by XPS. As the fluoride is bound in this form, its impact on adhesion and interfacial mechanics

is minimal.

From Table 4-9, compared with the untreated CF, which had 78.62% C element, the C
content on the surface of CF after treatment decreased to around 72 to 74%. Meanwhile, the
content of N element on the functionalised CF surface increased from 0.69% on CF-V to 2.33%
and 2.95% on the surfaces of CF-OH and CF-NHo, respectively. The use of 4AMP and sodium
nitrite (NaNOy) facilitated the chemical grafting of phenolic hydroxyl groups on the CF-OH
surface, resulting in an increased N/C and O/C ratio, confirming the attachment of oxygen-
containing functional groups on the CF surface. Note that it is possible for the diazonium salt
to graft to the fibre surface via the terminal nitrogen of the diazonium, which may be responsible
in part for the increased N concentration in this instance. Notably, a significantly higher
presence of amine and nitro functional groups was observed on the CF-NH, surface in Figure
4-13 (b) due to the initial grafting of the nitrophenyl group using 4NA, followed by its reduction
to the corresponding amine, yielding the desired product [89].

To further investigate the chemical bonds on the CF surface after electrochemical
grafting, the original spectrum and fitted curves of C1s peak are presented in Figure 4-13 (c)
and (d). The CF surface exhibited characteristic peaks at 284.8 eV for C-C, 286 eV for C-O/C-
N, 287 eV for C=0, and around 290 eV for O-C=0 and n-n* satellite. In addition to the
dominant C-C peak, the augmented C-O/C-N peaks at approximately 287 eV were attributed to

the successful grafting of hydroxyl and amino groups onto the CF surfaces.
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Figure 4-13. XPS spectra of CF specimens: (a) Wide-scan spectra, (b) High-resolution N1s
spectra, and deconvolved C1s spectra for CF functionalised with (c) hydroxyl and (d) amine

groups.

Table 4-9. Chemical elemental composition of CF specimens.

Specimens

CF-V
CF-OH
CF-NH>

Element compositions (Atomic%)

C 0] Si Ca N F Total o/c
78.62 17.22 252 0.95 0.69 - 100 0.22
7201 1698 2.82 0.67 2.33 5.19 100 0.24
73.87 1583 2.77 0.91 2.95 3.67 100 0.21

N/C

0.01
0.03
0.04

The untreated vCF displayed a uniformly flat surface morphology, as shown in Figure 4-

14 (a) and (d). Mild electrical potentials applied during the electrochemical modification with

diazonium salts did not lead to defects on the CF surface (see SEM images of CF-OH in Figure
4-14 (b, e) and CF-NH> in Figure 4-14 (c, f). The changes in the Ip/lg ratios calculated from the

Raman spectra were less than 1%, further confirming that no significant structural disorder was

induced by the electrochemical treatments [96] (Figure 4-16 (b)).

The increased roughness observed on the modified CF surface is attributed to the presence

of attached particulates or deposits. These may potentially be crystals of unreacted or reacted
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materials from the modification process. Alternatively, the increased polarity of the CF surface
after modification could enhance its ability to participate in electrostatic interactions, making it
more prone to attracting such particulates. The surface topography and corresponding
roughness profiles after applying a flattening filter, are illustrated in Figure 4-15. As observed
in the AFM analysis, even though the vCF surface was not entirely smooth at the nanoscale,
the height variations were minimal. In contrast, residual deposits are clearly observed on the
functionalised CF surface, appearing as protrusions, as shown in Figure 4-15 (b) and (c).
Enhanced colour contrast and brightness in Figure 4-15 (e) and (f), indicate spots of height
variation. To quantitatively assess the surface roughness, Figure 4-16 (a) compares the average
roughness (Ra), root mean square roughness (Rq), as well as the maximum distance between
the highest and lowest points (Rm) of these CF samples. The Ra values of CF-OH and CF-NH;
were approximately the same, around 20.7 nm, compared to 6.61 nm for CF-V. Similarly, Rq
and Rmax also followed the same trend, indicating that the roughness of the functionalised CF
surface was much higher than that of the vCF surface, roughly doubling in magnitude.
Moreover, the surface roughness of amino-functionalised CF was slightly higher than that of
the hydroxyl-attached CF. All these microstructural examinations mentioned above confirm the
effectiveness of electrochemical grafting in introducing functional groups onto the CF surface
and increasing surface roughness, thereby enhancing the interfacial bonding capability of the

functionalised CFs within the cement matrix.
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Figure 4-14. SEM images of CF surface: (a, d) as-received CF, (b, e) CF functionalised with
hydroxyl groups and (c, f) CF functionalised with amine groups.
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Figure 4-15. CF surface topography (a-c) and corresponding roughness profiles after
flattening filter (d-f): (a,d) as-received CF, (b,e) CF functionalised with hydroxyl groups and
(c,f) CF functionalised with amine groups.

150 Lo
— : CF-NH2 Io/ls = 1.66
E z
s 100 - Iofle =1.76
] =
£ S
[-7]
3 30 Rmax Io/l6 = 1.66
(-4

(i} 1000 2000 3000
(a) CF-V CF-OH CF-NH2 (b) Raman shift (cm™)

Figure 4-16. (a) Roughness and (b) Raman spectrum of CF before and after functionalisation.

Figure 4-17 (a) compares the tensile strength and Weibull parameters of individual
functionalised CFs with those of untreated vCF. Statistically, the hydroxyl- and amino-
functionalised CFs show improvements with average tensile strength increase of 3.04% and
1.29%, respectively, and median tensile strength gain of 5.05% and 1.07%, respectively.

The Weibull modulus (m) increased from 6.86 for CF-V to 7.29 for CF-OH, indicating
relatively homogeneous grafting of phenolic hydroxyl groups and reduced variability in the
strength of CFs. However, it reduced to 4.47 for CF-NH>, suggesting that this treatment may
be slightly less homogeneous. Nonetheless, the minimal difference in the m value indicates that
the effect on variability is very limited. Concurrently, the scale parameter (o) for functionalised
CFs showed a slight increase compared to CF-V, suggesting an improvement in overall
strength. All the correlation coefficients (R?) derived from the tensile testing were ensured to
be greater than 0.9 (Figure 4-17 (b)), indicating that these measurements followed a statistical
distribution and were acceptable for evaluating the tensile performance with negligible
variability [52, 61].
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The SFTT investigation demonstrated that CFs, despite undergoing mild electrochemical
treatment and surface modification, retain their high tensile strength, making them well-suited

for application in cementitious materials.
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Figure 4-17. (a) Single fibre tensile test and Weibull parameters, (b) Weibull distributions.

4.3.4.2 Enhancing interfacial bonding strength through phenolic and amine
group functionalisation

The typical pullout load-displacement curves of CF bundles in Figure 4-18 (a) were
obtained by averaging the results from three tests conducted on three replicate specimens for
each type of CF. As shown in Figure 4-18 (b), the debonding force (Fa) represents the maximum
pullout force that the CF can achieve within the cementitious matrix. The maximum friction
force (Fv) reflects the peak frictional resistance encountered after Fa, where the pullout force
decreases to a lower value as CF and matrix slip occur [99]. The Fa of CF functionalised with
hydroxyl groups was the highest (a 48.33% increase compared to the untreated CF sample),
followed by the CF functionalised with amine groups, indicating both surface modifications
can effectively improve the bond strength between CF and the cementitious matrix (Figure 4-
18 (c)). The Fb of CF-V, CF-OH and CF-NH: were 5.2N, 4.8N and 5.5N, respectively,
corresponding to interfacial friction contribution ratios of 0.64, 0.40, and 0.62 (Figure 4-18 (d)).
The Fp of CF-V, CF-OH and CF-NH were 5.2N, 4.8N and 5.5N, respectively. This means that
although CF-OH exhibited higher surface roughness (as observed under SEM and AFM), which
improved interfacial friction bond strength, the overall improvement in bonding strength was
primarily due to chemical adhesion between the CF surface and the cementitious matrix. Figure
4-18 (d) also illustrates that the chemical interaction between CF-OH and the cementitious
matrix was significantly enhanced. CF-NH exhibited slightly greater chemical adhesion

compared to CF-V, but the contribution of mechanical interlocking was found to be more
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significant than that of the chemical reaction with the cementitious matrix. This observation is

consistent with the noted increase in surface roughness (Section 4.3.4.1).
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Figure 4-18. (a) Average pullout load-displacement curves, (b) magnified region highlighting
debonding force (Fa) and maximum friction force (Fb), (c) interfacial shear strength, and (d)
chemical debonding energy, for untreated vCF and functionalised CFs.

Figure 4-19 (a) displays the flowability of fresh cementitious pastes, and Figure 4-19 (b)
to (f) show the mechanical strength performance of FRCCs. Regarding the incorporation of CFs
in cementitious paste, it is notable that the flow value was reduced in all combinations compared
to the controlled mortar, primarily due to fibre agglomeration and air entrapment. It is also
evident that flowability was negatively affected by both increased fibre dosage and length. The
surface modification strategy altered the CF surface from hydrophobic to hydrophilic through
the introduction of polar functional groups, thereby enhancing the dispersion of CFs within the
aqueous cementitious matrix. This improved dispersion effectively mitigates fibre clumping.
However, the presence of hydrophilic functional groups adversely impacted flowability, as they
increased the fibres' affinity for water, resulting in water absorption by the CFs. Consequently,
this phenomenon led to a reduction in flowability during testing. As indicated in Figure 4-19
(@), the CF-OH group exhibited a significant reduction in flow values, reaching up to 30.43%

in the mixture containing 0.5 vol.% 12mm hydroxyl-functionalised CFs compared to CM. The
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CF-NH2 group has a similar trend to CF-V regarding flowability, but a slightly diminished
effect.

All specimens incorporating phenolic hydroxyl-functionalised CFs demonstrated higher
compressive strength compared to the other mixtures (Figure 4-19 (b) to (e)). Specifically, the
CF-OH specimen containing 0.1 vol.% 12mm hydroxy-functionalised CFs achieved the highest
compressive strength of 42.44 MPa in Figure 4-19 (e), representing a 32.30% increase
compared to the CM. The CF-NH: specimen with amine-functionalised CFs also demonstrated
a moderate improvement in compressive strength relative to those FRCCs with vCFs. Based on
the optimal compressive testing results presented in Figure 4-19 (e), flexural tests were
conducted on the FRCC specimens with 0.1 vol.% of 12mm CFs to investigate the impact of
different treatments on flexural strength. The results indicate that flexural strength trends are
similar to compressive strength (Figure 4-19 (f)), with CF-OH and CF-NH2 demonstrating
strong flexural strengths of 5.81 MPa and 5.28 MPa, respectively, which are 21.04% and
10.00% higher than the CM value of 4.08 MPa. In contrast, CF-V exhibited a negligible effect

on flexural strength, registering only a 1.04% increase.

To validate the hypothesis and investigate the mechanism behind the improved interfacial
properties between CFs and the cementitious matrix, the internal microstructures of the FRCC
specimens were observed after mechanical testing using SEM. For CF-V specimens without
CF surface treatment, a weak interaction between the CF and the cementitious matrix was
observed, attributed to the inherent hydrophobic nature of vCF. This resulted in a less

compacted ITZ, as shown in Figure 4-20 (a).

In comparison, the functionalised CFs exhibited a rougher surface, thereby enhancing the
mechanical interlocking mechanism with the cementitious matrix. The increased surface
roughness and contact area also created more sites for the nucleation and deposition of
hydration products on the CF surface. Moreover, the active polar groups enriched on the CF
surface not only enhance hydrophilicity, promoting better dispersion, but also enable the
formation of a closer and more cohesive interface between the CFs and the cementitious matrix.
The functionalised CF facilitated the chemisorption of calcium and aluminium ions (Ca** and
AI*") from the cementitious matrix. Subsequently, the accumulation of hydration products on
the CFs led to improved fibre-matrix interfacial bonding. Between the two surface
modifications, CFs functionalised with hydroxyl groups exhibited superior interfacial bonding
performance compared to those with amine groups. This enhanced performance could be

explained by several chemical and microstructural advantages. Hydroxyl groups possess high
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polarity and strong electronegativity, facilitating the formation of robust hydrogen bonds with
oxygen atoms in Calcium-Silicate-Hydrate (C-S-H) gels, surpassing the strength of van der
Waals forces [19, 99]. These strong hydrogen bonds enhance the affinity between the CF
surface and the cement hydration products, promoting C-S-H nucleation and continuous growth
directly on the fibre surface. Additionally, hydroxyl groups on the fibre surface effectively
interact with divalent Ca?* ions from cement hydration products Ca(OH). and C-S-H gels
through lone-pair electron donation from the oxygen atom, forming coordination bonds that
anchor the fibres within the matrix and promote hydration product nucleation at the interface
[19, 100]. Both ionic interactions and hydrogen bonding mechanisms contribute to hydration
product nucleation and precipitation near CFs, thereby strengthening the interfacial zone
between the fibres and the cementitious matrix. As indicated in Figure 4-20 (b), the interaction
between the functionalised CFs and the cementitious matrix is evident. Hydration products were
clearly observed forming on the surface of the functionalised CFs, indicating that the hydroxyl
functional groups provided effective nucleation sites. In contrast, while amine groups are also
capable of interacting with Ca** and hydration products, they typically form weaker hydrogen
bonds due to nitrogen's lower electronegativity compared to oxygen. This was confirmed
through mechanical testing results compared to the hydroxyl-functionalised specimens. Even
though the bonding mechanisms can also be interpreted through SEM images. Figure 4-20 (e)
shows residual hydration products attached to the fibre surface after partial pull-out. The
adherence of these hydration products even after mechanical testing demonstrates the dense

interaction between the functionalised fibre surface and cementitious phases.

Overall, this resulted in a stronger adhesion between functionalised CFs and cementitious
matrix, significantly enhancing the densification and effectiveness of the ITZ in transferring
stress between the fibre and matrix. This improved bonding plays a critical role in fibre bridging
and pullout mechanisms in FRCC, thereby increasing its ability to resist crack propagation and
enhancing its load-carrying capacity. This is further supported by the morphology observed in
Figure 4-20 (c), where crack-bridging CFs are clearly visible, accompanied by multiple
microcracks radiating into the surrounding matrix. These microstructural features demonstrate
that the strong bonding between functionalised CFs and the cementitious matrix enabled
effective stress transfer, allowing the fibres to absorb and redistribute localised stresses
uniformly throughout the surrounding matrix, thereby mitigating crack propagation and
enhancing the composite's crack resistance properties. Moreover, the rough fibre channel

observed post-pullout in Figure 4-20 (d) shows extensive microcracking and matrix disruption,
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rather than a smooth surface. This is indicative of frictional resistance, consistent with strong
fibre-matrix adhesion, particularly in hydroxyl-functionalised CFs. Similarly, Figure 4-20 (f)
shows residual matrix material adhered to an amine-functionalised CF after pullout.
Collectively, these microstructural features observed in SEM provide direct visual evidence of
enhanced fibre-matrix bonding, increased pullout resistance, and improved crack-bridging
capacity in FRCCs incorporating functionalised CFs.
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Figure 4-19. (a) Flow table test results; (b) Compressive strength of CM and FRCC with 0.1%
dosage, 6mm CFs; (c) 0.5% dosage, 6mm CFs; (d) 0.5% dosage, 12mm CFs; and (e)
Compressive Strength and (f) Flexural Strength of FRCC with 0.1% dosage, 12mm CFs.
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Figure 4-20. SEM micrographs of cementitious composites with (a) untreated vCFs, (b) to (d)
hydroxyl-functionalised CFs, and (e) to (f) amino-functionalised CFs.

4.3.4.3 Physical properties of FRCC enhanced by CF surface functionalisation

The water absorption percentage, representing the total porosity of the cementitious
composites, revealed that all CF-V mixes exhibited an increase of up to 12.60% compared to
the CM (Figure 4-21 (a)). This increase was attributed to the additional ITZ between the vCF
and the cement matrix, leading to the presence of gaps and potentially due to the fibre clusters
creating more voids. In contrast, FRCC mixtures containing functionalised CFs demonstrated
a mitigating effect on the negative impact of fibre inclusion on porosity. Interestingly, the
incorporation of 0.1 vol.% 12 mm hydroxyl-functionalised CFs resulted in a porosity reduction
of 0.98%, while the addition of 0.1 vol.% 6 mm amino-functionalised CFs led to a porosity
reduction of 1.81%, compared to the CM. This indicates a more uniformly distributed fibre
mixture, which reduces the likelihood of fibre agglomeration and enhances interaction with the
cement matrix. As a result, this leads to a reduction in ITZ gaps and contributes to the formation

of a denser microstructure.

The bulk resistivity exhibited an opposite trend compared to water absorption and was
influenced by the dosages and lengths of CFs incorporated under different treatments. A notable
decrease in resistance was observed in CF-V compared to the CM, mainly attributed to the
conductive CF creating a network within the cementitious matrix. It is also clear that the
electrical resistivity could be further reduced by longer CF lengths and higher CF dosages.
Compared to CM, CF-V led to a maximum reduction in electrical resistivity of 71.64%.

Compared to the CF-V group, the FRCC mixtures containing functionalised CFs exhibited
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higher electrical resistance overall. The increase in bulk resistivity was particularly pronounced
in mixtures with lower porosity. Both water absorption and bulk resistivity are key aspects when
considering the durability of FRCC. Lower porosity reduces pathways for chemical penetration,
thereby decelerating degradation. Higher bulk resistivity indicates reduced ionic movement,
contributing to improved resistance against chemical attacks. Measuring these physical
properties can help understand and predict the durability of FRCC and serve as indicators of

long-term performance.

Figure 4-21 (b) shows the drying shrinkage of FRCC specimens containing functionalised
CFs in comparison to those with untreated CFs. Initially, the changes in shrinkage length
increased significantly, followed by a reduction in the rate of change after 28 days. Drying
shrinkage in cementitious composites occurs as they lose capillary water, generating tensile
stress. The amino-functionalised CFs incorporated into the cementitious composites exhibited
limited restraining effects, showing a trend similar to that of specimens with untreated CFs. In
contrast, the hydroxyl-functionalised CFs demonstrated reduced shrinkage strain, attributed to
their enhanced chemical adhesion and physical friction with the cementitious matrix. These
fibres oriented along the specimen length, effectively mitigate drying shrinkage along the
specimen. As a result, CF-OH demonstrated better reinforcing capabilities and effectively

limited drying shrinkage.
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Figure 4-21. (a) Water absorption and bulk resistivity measurements at 28 days, and (b)
Drying shrinkage measurements.

4.3.5 Summary of key findings from Section 4.3

In this study, we evaluated modified CF with hydroxyl or amino groups through an in situ
electrochemical modification process, aiming to improve the performance of FRCC in
construction applications. The interfacial bonding properties and mechanical strength between

the functionalised CFs and the cementitious matrix were quantitatively investigated through CF
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bundle pullout tests, compressive and flexural testing, and SEM examinations. The conclusions

drawn are as follows:

(i)

(i)

(iii)

(iv)

Functional groups were successfully grafted onto the CF surface, as characterised
chemically and physically by a series of microstructural examinations. The
electrochemical surface modification offers the advantages of efficiency and
controlled performance without compromising the tensile strength of CFs.

The debonding force of hydroxyl- and amino-functionalised CFs within the
cementitious matrix increased by 48.33% and 9.70%, respectively, compared to the
untreated CF specimens. The chemical adhesion between fibres and the matrix was
significantly improved by grafting hydroxyl groups onto the CF surface.

FRCC specimens with hydroxyl-functionalised CFs outperformed those with
amino-functionalised CFs, achieving the highest compressive strength of 42.44 MPa
and flexural strength of 5.81 MPa with a combination of 0.1 vol.% and 12mm CFs,
representing increases of 32.30% and 21.04%, respectively, compared to plain
mortar. Hydroxyl-functionalised CFs also exhibited effectively limited drying
shrinkage. Moreover, the surface modification reduced the total porosity of FRCC,

proving the formation of a denser microstructure.

The functional groups attached to the CF surface improved chemical adhesion at the
interface with the matrix through the chemisorption of calcium and aluminium ions,
as well as strong hydrogen bonds and covalent bonding with the C-S-H gels and
cementitious matrix. Additionally, the rougher surface enhanced the mechanical
interlocking mechanism and created sites for nucleation and hydration product
deposition. SEM observations further demonstrated that functionalisation increased
the attachment of hydration products to the CF surface, improved stress transfer

between the CF and the matrix, and enhanced resistance to fibre pullout.

This study highlights the efficacy of the proposed electrochemical grafting technique for

CF in large-scale continuous processing, while the findings validate the outstanding

performance and commercial potential of the resulting FRCCs in the construction field. Future

research could focus on durability testing of these FRCCs and performing a life cycle analysis

to further emphasise the sustainability benefits of the technique's environmental friendliness

and time efficiency.

Chapter 4: Improving Carbon-FRCC Performance through Fibre Surface Modification - Bio-based Treatments and
Electrochemical Grafting 232



44 CONCLUSION

This chapter proposed two innovative CF surface modification approaches to address the
hydrophobic nature of CFs and enhance their dispersion and interfacial bonding in FRCC. Both
bio-chemical-based treatment and in-situ electrochemical grafting successfully introduced
functional groups, increased surface roughness, and maintained CF tensile properties, leading
to improved chemical adhesion and mechanical interlocking with the cementitious matrix.
Mechanical testing demonstrated remarkable enhancements in FRCC performance. Detailed
key findings have been summarised in sections 4.2.5 and 4.3.5. These findings highlight the
effectiveness and industrial applicability of the proposed surface modification strategies for
optimising CF reinforcement in cementitious materials. Improved FRCC properties contribute
to stronger, more durable, and resilient infrastructure, advancing high-performance CCs in the

construction industry.
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Chapter 5: Repurposing Industrial FRP
Composite Waste into Cement-based
Mortars

5.1 INTRODUCTION

The growing demand for FRP composites in various industries such as aviation and
renewable energy sectors, has led to significant waste generation. Their disposal presents
environmental challenges due to their non-biodegradable nature and complex composition,
which creates an urgent need for developing effective waste management and sustainable
recycling solutions. In this regard, repurposing FRP composite waste in cement-based mortars,
rather than for its intended use in the polymer industry, provides a promising alternative for
reusing these recyclates in construction. This approach offers benefits in terms of cost savings
and reduced energy requirements for processing FRP recyclates and incorporating them into
concrete. While multiple studies have explored the recycling of CFRP and GFRP composite
waste in concrete and mortars, most have focused on laboratory-prepared composites,
overlooking the practical challenges of reusing industrial FRP waste. Additionally, inconsistent
findings on the effects of rFRP due to size and composition variations highlight the need for

further investigation to clarify their interactions within cementitious matrices.

This chapter presents a practical approach for repurposing industrial FRP waste from the
utility and aerospace sectors without resin removal in cementitious materials. This is achieved
using a two-step mechanical size reduction process, offering a viable option for recycling
irregularly shaped and variably sized FRP waste. This study evaluates the effects of
incorporating varying amounts of CFRP and GFRP recyclates on the fresh, mechanical,
durability, and electrical properties of the resulting CCs. Microstructural analysis, including
morphology with a focus on the interfacial transition zone (ITZ), as well as mineralogical
changes and chemical composition, is also performed to further assess the impact of

incorporating CFRP and GFRP powders.
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5.2.1 Abstract

Adopting sustainable materials is a pressing concern for the construction industry to
achieve net-zero carbon emissions, driving ongoing research to address environmental
challenges. With a particular focus on the fibre-reinforced polymer (FRP) byproducts and
wastes generated by various industries, this paper investigates the viability of pulverising and
repurposing waste materials from electrical cross-arms and aerospace composite parts in
cementitious materials as a partial substitute for cement. Micro fibres with crushed resin
particles (passing through a 600um sieve) were incorporated into the mortar, up to 10% relative
to the mass of cement. A series of tests was conducted to evaluate the effects of varying FRP
recyclates on the mechanical, durability and electrical performance of mortars. The results
indicated that at the 28-day curing age, the inclusion of FRP recyclates led to a 19% reduction
in water absorption and significant enhancement in the compressive (up to 67 %) and flexural
strength (up to 43%). The optimal restraint of drying shrinkage was observed when replacing
5% by weight of cement with FRP recyclates from electrical cross-arms. The inclusion of FRP
recyclates from aerospace offcuts resulted in a 25% reduction in electrical resistivity, indicating
a potential for reusing aerospace recyclates for electrically conductive cementitious composites
(ECCCs). Further analyses were conducted to assess the effects of FRP recyclate addition on
the microstructural properties of the cementitious matrix. This research offers a promising
pathway to repurpose composite wastes from the utility and aerospace industries as valuable

additions to construction materials.

Keywords: Fibre reinforced polymer (FRP) waste powder; Mechanical properties;

Repurposing; Water absorption; Electrical properties

Chapter 5: Repurposing Industrial FRP Composite Waste into Cement-based Mortars 242



5.2.2 Introduction

The production and use of cement in construction significantly contribute to greenhouse
gas emissions (GHG) through raw material extraction, chemical reactions during
manufacturing, and energy-intensive transportation throughout its lifecycle. Several studies
have indicated that the cement industry is responsible for at least 5-9% of anthropogenic
greenhouse gas (GHG) emissions [1-4], while the building and construction sector currently
accounts for around 36% of energy consumption [5]. Although these emissions are challenging
to fully eliminate, efforts to develop sustainable and smart solutions are critical in limiting the
negative environmental impact of the construction sector. Global Cement and Concrete
Association (GCCA) has announced a global technology roadmap to achieve a target of net
zero by the year 2050 and further lower emissions by 25% over the next decade [6]. To achieve
this goal and in adherence to the outlined plan, design optimisation, resource efficiency,
recycling and reutilisation components derived from pre-existing products have been prioritised
in order to foster environmental sustainability and economic resilience within the built

environment.

End-of-life (EoL) and manufacturing scraps of fibre-reinforced polymer (FRP)
composites pose environmental challenges due to their non-biodegradable nature.  This
requires sustainable strategies for their EoL product management and disposal [7, 8]. Carbon
fibre-reinforced polymer (CFRP) is in considerable demand in the aviation industry for weight
reduction to promote the fuel efficiency of aircraft applications. The high demand is projected
to result in a substantial accumulated 500 thousand tonnes of CFRP waste by 2030,
encompassing wastes from both production and EoL phases [9-12]. Currently, in the renewable
energy sector, the volume of EoL wind turbine blades has been continuously increasing as a
consequence of their designed 20-year service life. glass fibre-reinforced polymer (GFRP) is
one of the primary components used in wind turbine blades. It has been estimated that the
amount of GFRP waste generated could potentially reach 100 thousand tonnes by 2030 [7, 8].
The combined annual accumulation of CFRP waste from the aircraft and wind turbine industries
alone is anticipated to exceed 840 thousand tonnes [13]. As such, it is necessary to develop

effective waste management and recycling practices for FRP disposals.

The increasing awareness of sustainable development has driven research into recycling
and reusing FRP wastes in cementitious composites as an end-use application instead of their
original intended use [8, 14]. Efforts have been made to utilise different types of CFRP wastes,

including pyrolysis recycled carbon fibre (rCF) [15-17], chemically modified rCF [18], prepreg
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carbon fibre (CF) waste [19, 20], and crushed CFRP pieces [20, 21] into concrete to explore
their potential for enhancing concrete performance. The incorporation of recycled CFRP
(rCFRP) with various lengths and concentrations resulted in improved mechanical properties
and reduced shrinkage. These improvements were mainly attributed to the fibre reinforcement,
as well as the good bonding with hydration products, particularly evident at 1% by volume
rCFRP content. However, thermal or chemical treatments on rCFRP involve relatively high
energy consumption, environmental impact and operating costs [8, 22]. An alternative recycling
approach could be mechanically repurposing CFRP into powder form without removing resins,

presenting a viable option for recycling irregularly shaped and differently sized CFRP wastes.

Recently, the reutilisation of GFRP waste from wind turbine blades in concrete has also
garnered attention among researchers, especially with the retirement of older wind turbine
structures reaching the end of their lifecycle [3, 22-25]. Fu, et al. [23, 24] reported that macro
fibres containing both fibres and resin, mechanically cut from wind turbine blades, can
significantly enhance compressive and flexural performance normal strength and ultra-high-
performance seawater sea-sand concrete. However, achieving precise control over the macro
fibre size and producing thinner strips during the mechanical process is challenging without a
specifically designed machine. Various studies have examined the effects of incorporating
recycled GFRP (rGFRP) derived from wind turbine blades, in the forms of powder, aggregate,
and fibre, on concrete performance [3, 22, 25]. The incorporation of rGFRP as fibre
reinforcement has been found to enhance flexural strength while potentially diminishing
compressive strength in concrete. Incorporating rGFRP in either powder or aggregate form
resulted in a notable decrease in both the compressive and flexural capacity of concrete. In
addition, a separate treatment of other components of wind turbine blades, such as wood and
polyurethane, may be required during the crushing process. The study conducted by Oliveira,
et al. [25] revealed that the incorporation of rGFRP powder from a wind turbine (with an
average particle size of 3um and subjected to the removal of organic constituents) as a
replacement for cement exhibited a slight increase in concrete compressive performance at the
90-day curing age. Furthermore, Zhou, et al. [26] demonstrated that incorporating rGFRP
powder with particle sizes less than 303um, directly recycled from different sources (cable
boxes, oil tank lids and GFRP dust) into cement-based material led to enhanced fresh and
mechanical properties, attributed to improved microstructural compactness. The studies
mentioned above have revealed the potential benefits of incorporating rGFRP in improving the

performance of cementitious composites and hold promise for reuse in the construction sector.
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Reusing rGFRP as a powder or microfibres in cementitious material presents unique
opportunities for improving the performance of cementitious composites. Furthermore, rGFRP
derived from different source materials can have varying effects on composite performance,

attributed to their material compositions and characteristics.

Although multiple studies have investigated the recycling and utilisation of CFRP and
GFRP waste in concrete, there has been limited practice in recycling FRP composites within
the utility and aerospace industries, especially in reutilising recycled composites in cement-
based materials. Given the contradictory results in previous studies regarding the influence of
rFRP on concrete properties, attributed to size effects and the diverse composition of waste
composites from different sources, there remains a need for extensive research to enhance
understanding of the interactions between different recycled FRP (rFRP) and cementitious
matrices. One of the promising recycling strategies proposed in this project involves a two-step
mechanical size reduction process of FRP wastes without the need for resin removal, followed
by repurposing the resulting FRP powder into cementitious materials, leading to a cementitious
composite. Currently, the influence of rFRP on the performance of mortar and concrete is a
major focus, while the optimum size and dosage of rFRP are still being researched owing to the
differences in the properties of the various recyclates [8]. This study focuses on investigating
the feasibility of repurposing mechanically recycled CFRP and GFRP composite waste,
collected from Australian local industry, encompassing both production and EOL wastes, into
the mortar. The research aims to evaluate the performance of cementitious composites
incorporated with these rFRP and determine their microstructure behaviour. The material
characterisation of raw materials and FRP waste was carried out prior to the cementitious
composite casting, which involves particle size distribution, chemical and mineralogical
composition as well as mechanical performance of composite products before recycling. The
pulverised rFRP were sieved out and served as 1%, 5%, and 10% cement replacements by
weight in the mortar mixture, representing low, medium, and high concentrations respectively.
The effects of varying dosages of rCFRP and rGFRP on the performance of cementitious
composites were examined in this study, in order to offer valuable insights towards the
reutilisation of greener materials from various industries for construction, thereby contributing

to sustainable development efforts.
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5.2.3 Material and methodology
5.2.3.1 Raw materials
FRP recyclates

In this study, FRP recyclates were mechanically reclaimed from two sources (Figure 5-
1). The GFRP recyclates incorporated in mortar in this study were provided from the end-of-
life electrical crossarms. The CFRP recyclates were obtained from the offcuts of the discarded

aerospace manufacturing parts.

Initially, the size of both GFRP electrical crossarms and CFRP panels were primarily
reduced to 5mm small cubes using the waterjet cutter. To further downsize the cubes for use in
the mix, a Tema ring mill with a tungsten carbide bowl was utilised to pulverise composites.
The pulverised composite scraps were mechanically screened using sieves and categorised into
smaller recyclates (passed 600um) and larger flakes (remained on 600um). The portion that
remained on the sieve, they were loaded into the Tema ring mill for a second round of
pulverisation before sieving for an additional round. Only FRP recyclates passing through 600
pum, which included a mixture of powdered and fibrous components, were selected for this

research.
Cement and fine aggregates

General-purpose cement (fully complied with the requirements of Type GP cement in
AS3972 [27]) and fine aggregate (fulfilling the requirements of AS3700 [28]) were used to

prepare mortar mix in this study. Portable water was used for mortar mixing.
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Offcuts from aerospace parts

Figure 5-1. (a) Mechanical recycling process of FRP wastes; (b) Cross-sectional view of FRP
composite.

5.2.3.2 Experimental program
Mix design and sample preparation

The proportions of cement, sand and FRP recyclates used to prepare the cementitious
composites in this study are shown in Figure 5-2, based on the authors’ prior research [29].
Both GFRP and CFRP recyclates were incorporated to replace cement at a dosage of 1%, 5%
and 10% relative to the mass of cement. This variable was studied to investigate its impact on

the properties of the cementitious composites. For each mix batch, the dry ingredients were
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initially blended with a mixer for 3 minutes. Then tap water was gradually added, and mixing
was continued until uniformity was achieved. The mixed cementitious composites were cast
into various metallic moulds to investigate different properties. All mortar specimens were
cured in the moulds for 24-48 hours before being cured at the standard laboratory temperature
of 23°C. To minimise moisture loss, mortar specimens were wrapped in a wet cloth and sealed

with an impermeable plastic sheet until testing [30].

Table 5-1. Mix proportions of mortar with FRP recyclates (kg/m?3).

Mix ID Control GFRP1 GFRP5 GFRP10 CFRP1 CFRP5 CFRP10
Water 399.3 3953 3793 359.4 395.3 379.3 359.4
Cement 7260 718.7 689.7 653.4 718.7  689.7 653.4
Sand 1088 1088 1088 1088 1088 1088 1088
rGFRP - 7.26 36.30 72.60 - - -
rCFRP - - - - 7.26 36.30 72.60

Mechanical and physical tests

The flow value was determined using a flow table test according to BS EN 1015-3 [31]
to characterise the influence of milled FRP recyclates on the fluidity of fresh mortars. The bulk
density of the fresh mortar was determined according to BS EN 1015-6 [32]. The reported flow
diameter and fresh bulk density value represented the mean value of the two measurements with

less than 10% deviation.

The analysis of water absorption in terms of porosity was conducted by determining the
difference between immersed mass and saturated surface dry mass of the specimens (50x50x50
mm?), following ASTM C948-81 [33]. The bulk density of hardened mortar at different ages
was determined as the ratio of the oven-dry mass to volume in accordance with BS EN 1015-

10 [34]. Three specimens per mix were analysed.

Mortar specimens were cast into two 25x25x285 mm?® prisms per mix for the
measurement of drying shrinkage by using a length comparator according to ASTM
C490/C490M-2 [35]. The specimens were cured in a humidity chamber in a controlled
environment with a temperature of 23°C and a relative humidity of 50%. The initial length
reading was measured at the age of 7 days from demoulding. Subsequent measurements were

then taken at various time points to monitor length changes.
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The mechanical properties of mortars were evaluated through compressive and flexural
strength tests at ages of 7, 28 and 90 days. An MTS Sintech 65/G machine was used to perform
the compressive and flexural tests with 300kN and 50kN load cells at the loading rate of 0.5
mm/min and 0.1 mm/min, respectively, until failure. The compressive strength was tested on
50x50x50 mm? cubic specimens according to ASTM C109/C109M [36]. The flexural strength
and ductility tests were conducted on 40x40x160 mm? prism specimens using a three-point
bending test according to ASTM C348-21 [37]. For each mix, three specimens were tested.
The crack propagation behaviour of flexural specimens was analysed by the digital image

correlation (DIC) technique.

Electrical surface and bulk resistivity measurements were conducted using a 100
dia.x200mm cylindrical specimen following the guidelines of AASHTO T358-15 [38]. A
Proceq ResiPod equipped with a 4-point Wenner probe was used on samples that had been
cured for 7, 28, 56 and 90 days. Surface resistivity was recorded by taking four measurements
per sample and calculating the average. Bulk resistivity was obtained by using a module
including two metal and sponge contacts, which were attached to the top and bottom surfaces

of the sample. Two readings were taken for each sample, and the average was calculated.
Microstructural Analysis

The microstructure and fracture surface were examined by using Zeiss Ultra Plus
scanning electron microscope (SEM). SEM samples (5-10mm) were collected from mortar
specimens after the mechanical testing and coated with 10nm gold prior to the analysis to
decrease the charging on the material surface. Energy dispersive spectroscopy (EDS) mapping
was conducted by using an Oxford Instrument AZtec integrated EDS system with X-Max 20
mm? silicon drift EDS detector. The mineralogical change was characterised by X-ray
diffraction (XRD) analysis, which was performed on the 28-day cured samples, with Cu Ka X-
ray radiation and a PIXcellD detector in continuous scanning mode over the 26 angle range 5-
90°. ATR- Fourier transform infrared (FTIR) spectra were collected using a Bruker ALPHA
portable spectrometer equipped with a single reflection diamond ATR module and DTGS
detector. The diamond crystal had a refractive index of 2.4. Spectra were collected over the

region of 4000 cm * with the co-addition of 64 scans at a spectral resolution of 400 cm 2.
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5.2.4 Results and Discussions
5.2.4.1 Material characterisation

Comprehensive characterisations of mortar materials and rFRP composites were

performed and are stated in this section.
Granulometry and particle size distribution

The surface morphology was captured by using Zeiss Ultra Plus SEM. The surface
morphology of different ingredients used in the mix was assessed through SEM micrographs,
as shown in Figure 5-2. Compared to fine aggregate and cement, rFRP showed varying sizes
and irregular shapes, including small powdery particles, short cylindrical shape particles, longer
fibres, as well as fibre bundles. Figure 5-2 (c) and (d) indicate that some irregular resin remained
on the fibre surface after milling. Particle size distribution of these ingredients (Figure 5-3),
obtained by Mastersizer equipment, revealed the wider rFRP size distribution, ranging from
0.3um to 2mm. The specific surface area of rGFRP and rCFRP was determined to be 160.1
m?/kg and 328.5 m?/kg respectively. The intention of using a mix of powdered and fibrous form
FRP recyclates was to maximise the beneficial physical effects such as filling and nucleation

effects of incorporating smaller particles and reinforcing effects of fibrous particles.

L allN C S,
Figure 5-2. SEM images of different ingredients used in the mix: (a) cement, (b) fine
aggregate, (c) rGFRP (with zoom-in view on smaller particles), (d) rCFRP (with zoom-in
view on smaller particles).
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Figure 5-3. Particle size distributions of fine aggregate, cement and FRP recyclates.

Chemical and mineralogical composition

XRD was used for phase identification, which provides important information on the
mineralogical composition and chemical reactivity. The test was performed using PANalytical
X'Pert Powder XRD. Figure 5-4 (a) validates the Portland cement phase composition with the
main components of Alite and Belite. The fine aggregate spectrum in Figure 5-4 (b) shows a
crystalline quartz structure and few amorphous elements. Figure 5-4 (c) shows the observed
two broad peaks (20 = 25" and 44°) identified as hexagonal graphic structures (002) and (100)
in rCFRP [39], and the broad hump without distinct peaks corresponding to the amorphous
glass phase in rGFRP [40].
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Figure 5-4. XRD spectrum for cement, aggregate and FRP recyclates.

FTIR was employed to understand the molecular components and chemical structure of
materials. The presence of organic compounds in the FRP composite was detected using Bruker
ALPHA FTIR spectrometer. The FTIR spectra of GFRP and CFRP recyclates are shown in
Figure 5-5 (a). The typical bands of thermoset epoxy vinyl ester were found at 2,930 cm for
the C-H aliphatic, 1,728 cm™ for the C=0 bond stretching, 1,507 cm™ for the C-H aromatic
benzene ring and 699 cm™ for the C-H monosubstituted aromatic benzene ring [41, 42].
Besides, the epoxide ring vibrations (C-O-C bonds) were observed at 969 cm™ and 873 cm™
[43, 44]. The carbonyl compounds (C=0) were detected at 1,701 cm™ and 1,770 cm?,
indicating the possible presence of a variety of products such as ketones, esters, and aldehydes
[45, 46]. The presence of glass fibre (GF) in rGFRP was identified by bands corresponding to
Si-O at 556 cm™ [47].

GFRP recyclates were comprised of an epoxy vinyl ester resin and E-glass fibre (77.4
wt.%), as reported by the manufacturer’s Technical Information Guide. The content of GF was
determined by ISO 1172 [48]. The thermogravimetric analysis (TGA) of CFRP composite
material (using TA Instruments Discovery Thermogravimetric Analyser) indicated that CFRP
recyclates consisted of approximately 50 wt.% CF in the composite, as shown in Figure 5-5 (b).
The TGA was performed with a ramp rate of 20.00 °C/min up to 700.00 °C under a nitrogen
atmosphere, using sample masses ranging from 15-40 mg over a total duration of 33 minutes.
The initial weight loss was small, which was followed by a significant weight loss between
around 400°C to 500°C, indicating the possibility of epoxy resin decomposition at this
temperature range [49].
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Figure 5-5. (a) FTIR spectrum of FRP recyclates; (b) Weight loss during pyrolysis process
for CFRP.

Tensile strength of FRP composites
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The mechanical properties of the GFRP and CFRP were evaluated through tensile testing.
FRP composite coupons were prepared from original electrical crossarms and aerospace panels
using water jet cutting with the dimensions of 250mm length and 25mm width based on ASTM
3039/D3039M [50]. Testing was conducted by using a 300kN Sintech 65/G machine at a
3mm/min loading rate until failure occurred. Strain measurements were performed using an

extensometer with a 25mm gauge length.

The resulting stress-strain curves of FRP composites are shown in Figure 5-6. The curves
show an approximately linear-elastic behaviour up to failure for both materials. The tensile
characteristics are influenced by material properties (fibre and resin types), fibre weight/volume
fraction as well as the layup configurations (fibre orientations). For GFRP composites, the
average ultimate tensile strength and Young’s modulus were 531.2MPa and 416.5MPa,
respectively. The slope of the curves reflects the relative stiffness of the composites, with GFRP
being stiffer. In specific layer sequences of 0°/90°, as observed in SEM images, GFRP
composites exhibited a brittle longitudinal splitting failure mode. This failure mode involved
fibre breakage within the 0° layers and transverse separation between the matrix and fibres
within the 90° layers. CFRP composites showed a quasi-isotropic behaviour with fibre layers
oriented at 0°, +45° and 90°. The resulting failure mode was sudden and multi-directional,
leading to the ultimate tensile strength of 496.4 MPa and Young’s modulus of 351.2 MPa.
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Figure 5-6. FRP composite tensile characteristics and failure modes.
5.2.4.2 Effect of rFRP on mortar water absorption, bulk density and shrinkage

Figure 5-7 (b) and (c) show the water absorption and bulk density of the control mortar
and the mortar with various FRP recyclates at different curing ages. The results demonstrated
that the water absorption of mortars incorporating FRP recyclates was consistently lower than

that of the control mortar across different ages, and a progressive increase in mortar
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compactness was observed over the curing period. Fine rFRP particles effectively filled the
voids between larger particles, resulting in a reduction in the volume of pores in the matrix. The
interaction between particles with varying sizes and densities enabled enhanced compaction
through more efficient packing arrangements. In addition, the combined effect of denser
structure and void reduction led to the obstruction of interconnected porous networks within
the cementitious matrix [51, 52]. Thereby, the inclusion of rFRP resulted in lower water
absorption. As shown in Figure 5-7 (a), the water absorption of the mortar with 10% GFRP and
CFRP decreased by 12.7% and 19.1%, respectively.

The hardened bulk density exhibited a similar trend to the fresh bulk density, exhibiting
a decline with the increasing content of FRP recyclates in mortar. This observation can be
attributed to the lower specific gravity of FRP composite, comprising fibres and polymer
matrix, partially replacing the cement in the mix design. The hardened bulk density of CFRP
mortar specimens was higher than that of the GFRP mortar specimens. These differences in
water absorption and density behaviour can be ascribed to the nature of fibres and variations in
particle size between CFRP and GFRP recyclates. In these recycled composites, carbon fibres
had smaller diameters averaging 7 microns, compared to the diameters of glass fibres, which
were around 20 microns, as shown in Figure 5-2 (c) and (d). Also as illustrated in Figure 5-3,
CFRP recyclates contained a higher proportion of fine particles smaller than 40pum, which was
a comparable or even smaller size than cement grains. The filling effect of smaller FRP particles
between cement grains led to a wider dispersion of cement grains and improved packing of the
solid particles by filling up the interstitial voids. The principle that a decrease in porosity
corresponds to an increase in material density could also explain why the CFRP-specimens
group generally exhibited lower water absorption but higher bulk density compared to the
GFRP-specimens group, due to finer particles and better packing [51]. However, it adversely
affected the hydration process when a larger quantity of cement was substituted [53, 54]. This

explanation might also be applicable in understanding the compressive characteristics.

Drying shrinkage refers to the contraction or change in length experienced by the
hardened concrete due to the loss of capillary moisture. This loss of moisture can lead to the
development of capillary tension within the pore structure, potentially resulting in the formation
of cracks [55]. This study investigated the effect of drying shrinkage up to 120 days on the
durability of FRP recyclates-incorporated mortars, as shown in Figure 5-8. The percentage
change in length of all mortar specimens decreased in the first 7-21 days, and then stabilised.

Compared to the control specimen, all mortar specimens containing FRP recyclates exhibited
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significantly lower shrinkage. The microfibres effectively constrained the length change from
the initial state until after 28 days. The zoomed image in Figure 5-8 revealed that the GFRP
group exhibited lower shrinkage compared to the CFRP group, with GFRP 5 showing the most
reduction, which was due to the higher weight percentage (77.4 wt.%) of GFs in the original
electrical crossarms. The higher amount of glass fibres with a greater surface area provided
more interfacial bonding with the matrix, assisting in restraining the length change. In contrast,
the relatively limited effect of CFRP recyclates on resisting the length change was because

fewer carbon fibres (50 wt.% CF) were involved to provide the internal reinforcement.
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Figure 5-7. (a) Water absorption and hardened bulk density of mortars with FRP recyclates at
28 days, (b) Water absorption and (c) bulk density of mortars with different concentrations of
FRP recyclates at different curing ages.
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Figure 5-8. Drying shrinkage of mortars with FRP recyclates.

5.2.4.3 Effect of rFRP on mortar fresh and mechanical properties

The incorporation of FRP recyclates with higher dosages improved workability (Figure
5-9 (a)). In mortars containing 10% GFRP and CFRP recycaltes, the flow value increased by
about 2.0% and 0.8%, respectively. This improvement in flowability could be attributed to the
filling effects, wherein small FRP particles filled the voids between the larger sand particles.
The fresh densities decreased from 2.01 g/cm3 in the control mortar to 1.83 g/cm? and 1.80
g/cm3 in mortars with GFRP and CFRP recyclates (Figure 5-9 (a)), primarily due to the lighter
weight of the FRP composite. Similar findings were also reported in the earlier studies [26, 56].
The variations in fresh properties between GFRP and CFRP mortars could be due to the particle
shape and size of FRP powder. The improvement of flowability in mortars with GFRP
recyclates was attributed to the lower specific surface area, whereas CFRP recyclates exhibited

a more angular shape (higher specific surface area).

The mechanical testing results are shown in Table 5-2. Compared to the control mortar,
the compressive and flexural strength of the rFRP-incorporated mortar generally increased at
7, 28 and 90 days, and it showed a progressive increase with curing age. The overall
enhancement could be attributed to the reinforcing effect of micro fibres in the mortar matrix
(as shown in Figure 5-2 (¢) & (d)), the filling effect of fine FRP particles that increased the
compactness, and the creation of nucleation regions created by smaller particles for hydration
products [57, 58].

The compressive strength of GFRP1 and CFRP1 specimens at 28 days exhibited the
highest value with an increase of 44% and 67%, respectively, compared to the control mortar
(Figure 5-9 (b)). However, the ultimate compressive strength reduced with the higher

replacement percentage, indicating a negative impact on strength development as more cement
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was replaced. Flexural strength and ductility noticeably increased with higher rFRP
replacement percentages (Figure 5-9 (c) to (e)), with the CFRP group demonstrating a more
significant effect owing to the higher tensile characteristics of CF. Specifically, the CFRP10
specimen exhibited higher ductility at around 0.26mm while the control mortar without
recyclates showed brittle behaviour (around 0.07mm extension at failure). The DIC diagram of
CFRP10 further supports the role of micro fibres in restraining crack propagation, in contrast

to the straighter line without much curvature observed in the DIC diagram of GFRP10, as

indicated in Figure 5-9 (d) and (e).
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Figure 5-9. (a) Fresh properties, (b) 28-day compressive strength, (c) 28-day flexural strength,

and (d) and (e) 28-day stress-displacement diagrams of mortars with FRP recyclates.

Table 5-2. Mechanical testing results of rFRP-incorporated mortar.
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Mix ID Control GFRP1  GFRP5 GFRP10 CFRP1 CFRP5 CFRP10

i os7a 3683 32.99 2573 38.24 35.62 30.17
: (43.08%) (28.17%) (-0.04%) (48.56%) (38.38%) (17.21%)
Cosrl‘rggestﬂ"e ogd  ano3 4655 41.43 33.57 53.88 47.32 44.63
(MP%) : (44.43%) (28.54%) (4.16%) (67.17%) (46.82%) (38.47%)
ood  4igs 5955 53.53 43.61 62.21 57.97 48.59
: (42.36%) (27.97%) (4.26%) (48.72%) (38.58%) (16.16%)
2 asa 46 5.17 576 558 5.64 6.49
: (1.32%) (13.88%) (26.87%) (22.91%) (24.23%) (42.95%)

Flexural
(MPa) : (459%) (7.27%) (12.62%) (9.75%) (24.28%) (43.40%)
ood 554 5.47 573 6.85 6.51 74 8.02

(-1.26%) (3.43%) (23.65%) (17.51%) (33.57%) (44.77%)

Numbers in parentheses indicate variation compared to the control sample.

5.2.4.4 Effect of rFRP on mortar electrical properties

In recent years, there has been growing interest in utilising electrically conductive
cementitious composites (ECCCs) across various applications, including serving as sensors for
structural health monitoring (SHM) [59] and used for electromagnetic interference (EMI)
shielding in buildings [60]. Previous studies have confirmed the success of incorporating either
virgin CF (vCF) or rCF to enhance the electrical properties of cementitious composites [61-63].
However, there is limited research on investigating the effectiveness of incorporating FRP

recyclates (a mix of microfibres and resin) in improving electrical resistivity.

The electrical properties of mortar with FRP recyclates, which are linked to the
microstructure and porosity of the mortar mix, were measured through both surface and bulk
resistivity. It was observed that resistivity was increased with curing time from 7 days to 28
days due to the enhanced hydration degree and refinement of pore structures (Figure 5-10 (a)).
The resistivity either remained similar or slightly increased from 56 to 120 days. Incorporating
rCFRP could improve conductivity by forming a carbon fibre (microfibre) network, especially
with higher dosages of CFRP recyclates. However, the electrical resistivity increased with
increasing dosages of GFRP recyclates. Interestingly, in the initial stage, the GFRP mortar
group exhibited lower resistivity compared to the control mortar, attributed to the chemical
composition change in pores and the substitution of cement by GFRP recyclates. Conversely,
after 56 days, the resistivity of GFRP mortar group greatly improved due to reduced porosity,

production of hydration and pozzolanic products, and the electrical resistivity of GFRP10
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showed much higher than the control mortar. As shown in Figure 5-10 (b), carbon fibre
materials showed various effects on the electrical properties of cementitious materials,
exhibiting different responses in terms of the changes in electrical resistivity. The incorporation
of CF in cementitious materials resulted in a higher electrical conductivity as electronic
conductivity between fibres predominates over ionic conduction within the pores [29, 61, 62].
Remarkably, even the addition of 0.2 vol% CF was very effective, yielding over 80% reduction
in electrical resistivity at 28 days. In contrast, the incorporation of CFRP waste into mortar led
to comparatively less significant changes in electrical resistivity (up to 26% reduction) when
compared to fibre-reinforced cementitious materials. rCFRP powder was mainly composed of
microfibres with lower aspect ratios and polymer matrix, which might not contribute to the
electrical conductivity. Consequently, there was less chance of forming a strong conductive
network within the cementitious matrix. Despite these challenges, rCFRP contributed to
reducing electrical resistivity to some degree, presenting a unique opportunity to utilise CFRP

recyclates in construction materials.
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Figure 5-10. (a) Resistivity measurement of mortars with FRP recyclates at different curing
ages, and (b) comparison of electrical resistivity changes in different studies [29, 61, 62].

5.2.4.5 Microstructural analysis

The SEM images provided valuable insights into the fracture surface of the composite
materials, revealing two distinct failure mechanisms, which were fibre pullout and fibre
breakage (Figure 5-11 (c), (e), (f)). Additionally, the microstructural morphology in Figure 5-
11 (d) highlighted the interfacial transition zone (ITZ) between microfibres and microcracks
formed around fibres, demonstrating the fibres' ability to take over the stress. Moreover, Figure
5-11 (a) and (b) displayed the presence of hydrated products near the fibre surface, including
calcium silicate hydrate (CSH), calcium hydroxide (CH) and ettringite. Hydration products
were found adhering to the fibre surface in Figure 5-11 (d) and (f), indicating an improvement
in bonding performance. The SEM images in Figure 5-12 also indicate the surface of recycled
glass fibre (rGF) was covered by hydration products, with the formation of CSH gel in the
matrix. These observations suggested the development of a denser structure facilitated by the

formation of CSH gel at various locations.
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Two small pieces of cementitious composite materials were randomly collected from the
samples following the mechanical tests. Samples were prepared for EDS mapping to study the
interface between micro-fibre and matrix, as marked by the white dotted line in Figure 5-13.
The gel product was found around the CF surface and the interface between CF and the
surrounding cement matrix (Figure 5-13 (a)). Although some voids could be observed within
the matrix, there was no distinct gap at the interface. Instead, the interfacial transition zone
between CF and the cement matrix was characterised by spherical gel particles. In Figure 5-13
(b), the formation of CSH (network structure), the presence of CH (hexagonal crystalline
products) and ettringite (needle-like shape) were evident within the cement matrix. Notably, a
combination of gel products and calcite was observed at the interface between GF and cement
matrix, which could be explained by the secondary reaction occurring between silicates and CH
during hydration, along with the additional reaction between carbon dioxide and CH to form

calcite.
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Figure 5-12. The microstructure of mortar incorporated with GFRP recyclates.
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Figure 5-13. SEM-EDS images of mortar incorporated with (a) CFRP and (b) GFRP
recyclates.

XRD patterns present the major chemical phases in mortar, as shown in Figure 5-14.
The primary crystalline phases observed in all cementitious composite samples were CH, CSH,
ettringite, quartz, and calcite (Figure 5-14 (a)). The intensities of the main diffraction peaks of
CH were located in the 26 region of 18.1°, 28.6° and 34°, corresponding to the (001), (100) and
(101) crystal planes, respectively. For rFRP-incorporated mortar at 28 days of curing, the
portlandite intensity was observed to be notably higher compared to the control sample without
rFRPs. This increase in portlandite was due to the acceleration of the early-stage cement

hydration and rapid precipitation of portlandite in the presence of rFRPs [64].

To further investigate the influence of varying rFRP addition, complementary analyses
were conducted using both XRD and FTIR on the mature 90-day samples, enabling cross-
validation of the results. Figure 5-14 (b) indicates that the intensity of CH peaks generally
decreased as higher amounts of GFRP recyclates were incorporated to replace cement in the
mortar. The reduction in Portlandite content could be attributed to both the pozzolanic reaction
(where CH reacts with silica to form CSH) and the dilution effect (resulting from reduced
available unreacted cement). As a vibrational spectroscopic technique, FTIR is particularly
useful in evaluating the hydration of cementitious materials by identifying various bond
arrangements, which can determine both the crystalline and amorphous forms of hydration

products. Figure 5-15 shows the FTIR spectra of all the mixed pastes in the range of 400-4,000
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cm™L. The vibration absorption peak of the O-H stretching band of CH was observed at about
3,640 cm, whose intensity was lower with the addition of FRP, consistent with the XRD
findings. The absorption peak at 3,400 cm™ and 1,650 cm™* were attributed to the O-H stretching
and H-O-H bending vibrations of molecular water individually. The intensity of both bands
decreased with the addition of FRP, at the minimal peaks including 1% rCFRP and rGFRP.
This phenomenon indicated the decrease in free water due to the formation of CSH gel. The
bands located around 1,415 cm™ and 870 cm™ wavelengths in spectra corresponded to the
vibrations associated with CO3%, indicating the formation of calcite. For the CFRP groups as
shown in Figure 5-15 (b), the mortar including 1% CFRP exhibited remarkably higher calcite
formation than the control sample, despite having a lower porosity. This behaviour could be
explained as the microstructural changes that created the pathways for carbonation diffusion to
form calcite. However, the integration of 5% and 10% CFRP then gradually reduced the
carbonation, which was due to the denser structure narrowing the pathways for carbonation
diffusion and the reduced availability of portlandite due to the dilution effect. As demonstrated
in Figure 5-15 (a), the calcite bands continuously became smaller with increasing dosage of
GFRP. This contrasting behaviour could be attributed to the presence of silica in GFRP
promoting pozzolanic reaction to form additional CSH and contributing to a denser structure.
Concurrently, the reduced amount of available portlandite effectively limited carbonation.
Furthermore, different absorption peaks were related to the hydration products. The broad
absorption band at 960-1,100 cm™ was identified as the Si-O stretching vibration of CSH gel.
The peak at 452 cm™ Si-O bending vibration also reflected the polymerisation of SiO4 within
the CSH structure. In addition, wavelengths of 675-800 cm™ corresponded to the symmetric
stretching vibrations of silicon-oxygen and aluminum-oxygen bonds, characterising cement
hydration products such as CSH and ettringite. A notable observation was that these peak areas
were larger in the CFRP and GFRP samples in comparison to the control mortar. Particularly,
mortars containing 1% CFRP and GFRP exhibited more intense peaks within the region,
indicating the extensive development and formation of CSH hydration products, which aligns

with the results of compressive strength tests.
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Figure 5-14. XRD pattern of (a) control mortar and rFRP mortar at 28 days and (b) mortar
with rGFRP at 90 days.
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Figure 5-15. FRIT spectra of rFRP mortar at 90 days.

5.3 CONCLUSION

This study addressed the pressing need for the development of sustainable practices for
waste management in the utility and aerospace sectors. This paper investigated the influence of
repurposing end-of-life electrical GFRP crossarms and CFRP aerospace manufacturing scraps
on the performance of cementitious mortar. The physical properties (i.e., flowability and bulk
density), mechanical properties (i.e., compressive and flexural characteristics), durability (i.e.,
water absorption and drying shrinkage) and electrical properties (i.e., surface and bulk
resistivities) were evaluated. Microstructural analysis was performed to further assess the
physical and chemical changes caused by the incorporation of FRP powder into the matrix. The

following conclusions and future research directions were drawn:

M The incorporation of FRP recyclates into mortar demonstrated a lower water
absorption and bulk density. This improvement can be attributed to the filling
effect of the small FRP particles, reducing the porosity within the matrix.

Moreover, the inclusion of microfibres from FRP waste significantly mitigated
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the drying shrinkage. Particularly, incorporating 5% FRP recyclates showed the
most substantial reduction in length change, while a higher percentage of FRP

recyclates (10%) had limited effectiveness in restraining the shrinkage.

(i)  The observed variation in fresh properties of mortar was directly influenced by
the type, shape and size of the FRP recyclates. The fresh densities decreased in
mortars containing FRP recyclates due to the lightweight nature of the composite
materials. The GFRP recyclates with lower specific surface area exhibited an

increase in flow value by about 2.0%.

(ili) At 28 days, the compressive strength of mortar specimens containing 1% GFRP
and 1% CFRP displayed the highest values, showing respective increases of 44%
and 67%, compared to the control mortar. The compressive strength exhibited an
inverse relationship with the percentage of FRP, indicating a negative impact on
strength development as more cement was replaced. In contrast, flexural strength
and ductility noticeably increased with higher FRP replacement up to

approximately 43% and 0.26mm, respectively.

(iv)  While incorporating higher amounts of rCFRP into mortar resulted in relatively
minor reductions in electrical resistivity compared to the use of longer carbon
fibres in other studies, the utilisation of these CFRP recyclates in construction
materials still presents the potential opportunities for applications such as for

structural health monitoring and de-icing on concrete pavement.

(v)  The microstructural analysis confirmed that FRP recyclates could enhance the
performance of cementitious materials through a fibre-reinforcing effect and the
development of a denser structure by forming CSH gels. Moreover, good

interfacial bonding was observed between microfibres and matrix.

(vi)  Based on the findings of this study, future research could focus on conducting
comprehensive durability studies, such as chloride penetration and sulphate attack
resistance, to understand the long-term behaviour of cementitious composites
incorporating recycled FRP composites. Optimisation of the rFRP inclusion
content and mix combination could also be considered for different application
purposes to maximise repurposing efficiency and performance. Additionally,
given that rCFRP in the cementitious composite can provide electronic conductive

pathways for composite conductivity, it is worth investigating the piezoresistivity
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of cementitious composites with varying sizes and amounts of rCFRP. Exploring
self-sensing properties leads to the potential development of smart materials with
advanced functions for SHM and EMI.

In conclusion, this study presented a viable approach to repurposing GFRP and CFRP
composite waste from the utility and aerospace sectors. Through the two-step pulverisation
process for size reduction of FRP wastes and subsequently repurposing them into cementitious
composites by replacing cement at various percentages, a promising recycling strategy was
developed. This strategy offers a practical method of transforming composite wastes into

valuable resources for construction applications and conserving natural resources.
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Chapter 6: Electrochemical and Piezoresistive
Properties of Cementitious
Composites Incorporating Pulverised
CFRP Waste and Reclaimed CF

6.1 INTRODUCTION

Following the successful investigation of fibre offcuts incorporation in Chapters 3 and 4,
and the reuse of real-world FRP waste in Chapter 5, this research has demonstrated the viability
of using both short CFs and rCFRPs in CCs to achieve enhanced mechanical performance and
improved microstructural integrity. Beyond their structural role, CFs also impart valuable
electrical properties, enabling self-sensing capabilities that pave the way for smart cement-
based materials. This advancement sets the stage for the next phase of the study: investigating
how these multifunctional composites can support structural health monitoring (SHM) to

improve infrastructure safety and resilience.

SHM is important throughout the entire service life of infrastructure. It provides
continuous performance assessment, enabling the early detection of anomalies and defects,
while offering the benefits of a cost-effective, real-time, and automated monitoring system for
civil infrastructure. Recent research has focused on developing CCs with intrinsic self-sensing
capacities by incorporating CF serving as conductive fillers to enhance their piezoresistive
behaviours. This strategy, also known as smart concrete, allows the CC itself to monitor
structural integrity without the need for external sensors. In real-world conditions, structures
are exposed to varying climates, which can significantly influence their electrical properties.
While studies have examined the effects of temperature and humidity on the electrical
resistance and piezoresistivity of CCs, few studies have addressed their performance under
chemical deterioration. Therefore, further investigation into piezoresistive behaviour under
various environmental and chemical exposures is essential for advancing effective cement-
based sensors for SHM. In terms of repurposing CFPR composite wastes in CCs, there has been
very limited research on the influences of utilising these recyclates as conductive fillers on the

self-sensing capabilities of cement-based sensors.

This chapter mainly investigates the effectiveness of utilising CFRP and CF recyclates to

develop and enhance the self-sensing capacities of cement-based sensors under varying
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environmental conditions, including chloride-induced corrosion. Section 6.2 first provides an
understanding of the corrosion behaviour and electrochemical properties of these CCs with
embedded steel mesh reinforcement when exposed to a simulated marine environment. Section
6.3 experimentally investigates the influence of CFRP and CF recyclates on the electrical
properties and piezoresistivity of CCs by examining factors such as filler dosage, curing age,

temperature, humidity, and exposure to a chloride-induced corrosion environment.
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OF STEEL-EMBEDDED CEMENTITIOUS COMPOSITES WITH RECYCLED
CF AND CFRP COMPOSITES IN ACCELERATED MARINE CONDITIONS
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6.2.1 Abstract

This study investigates the corrosion mechanisms and electrochemical performance of
steel reinforcement in cementitious composites that incorporate recycled carbon fibre (CF) and
carbon fibre reinforced polymer (CFRP) composite waste in a marine environment. Three types
of recyclates are utilised, including chopped CF from fabric offcuts, chemically recycled CF,
and mechanically recycled CFRP from aeroplane components. The surface characteristics of
these recycled materials are examined after different treatments to assess the chemical and
physical properties and their effects on the internal structure of the cementitious composites. A
3.5% sodium chloride marine environment with an impressed current is employed to accelerate
the degradation of stainless-steel mesh in cementitious composites. Corrosion progression and
electrochemical performance of specimens with different recyclates are monitored using a
potentiostat and analysed through linear polarisation resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurement. The most effective mix design for corrosion
resistance contained 10 wt.% CFRP recyclates, showing a 43% reduction in corrosion rate and
a 32% increase in polarisation resistance compared to control specimens without additives after
15 simulated years. In contrast, the inclusion of short CFs enhanced conductivity but
accelerated the corrosion rate. The specimens containing acid-treated recycled CF exhibited
slightly higher corrosion resistance than those with untreated CF. This research provides a
detailed analysis of the corrosion processes in steel-reinforced cementitious structures and
supports the effective repurposing of CFRP composite waste into cementitious materials. This
sustainable approach aims to mitigate steel corrosion and enhance the durability of reinforced

structures in marine environments.
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6.2.2 Introduction

Steel-reinforced concrete (SRC) is extensively utilised in construction due to its excellent
mechanical properties, durability, and flexibility for specialised design applications [1]. The
steel reinforcement in concrete provides a superior tensile capacity that complements the
inherent compressive strength of the cementitious matrix. The cementitious matrix typically
maintains a pH level of around 13, and this high alkalinity contributes to the formation of a
protective passivating film on the surface of embedded steel reinforcement [2, 3]. Additionally,
the impermeability and density of the concrete cover serve as a physical barrier, effectively
blocking the corrosion reaction to some extent [2]. Together, these properties help preserve the
structural integrity and performance of the composite system throughout its designed service
life. However, adverse environmental conditions, such as urban, industrial and marine settings,
can result in (i) a decrease in the alkalinity of the cementitious matrix due to the carbonation
and (ii) the ingress of chloride ions, both of which compromise the stability of the passivation
film on the steel reinforcement [1, 2, 4]. As the steel reinforcement corrodes, it produces
expansive iron oxides and hydroxides, commonly known as rust. This reduces the steel’s
strength and exerts expansive forces on the surrounding concrete, forming and propagating
cracks. Consequently, this degradation process negatively impacts both the serviceability and
load-bearing capacity of the SRC structure in a time-dependent manner.

To mitigate these challenges, researchers have explored various strategies, including the
development of both chemical and natural corrosion inhibitors [5, 6], the application of cathodic
protection [1, 7], the addition of supplementary cementitious materials (SCMs) [8] as well as
the incorporation of fibres [9, 10]. Among various types of fibres, carbon fibre-reinforced
cementitious composites (FRCCs) have garnered significant attention due to their potential to
enhance both the mechanical properties and durability of the SRC in terms of reduced water
penetration and enhanced acid resistance [11, 12]. Furthermore, due to the electrically
conductive nature of CF, carbon-FRCCs have been utilised in the development of smart
concrete [13]. This enables non-destructive testing (NDT) capabilities for real-time monitoring
of structural deformation. The effect of adding short carbon fibres (SCFs) on the corrosion

resistance of steel rebars in concrete was first studied by Hou and Chung [14]. Subsequent

Chapter 6: Electrochemical and Piezoresistive Properties of Cementitious Composites Incorporating Pulverised CFRP Waste
and Reclaimed CF 275



investigations have examined the effects of various CF sizes, dosages, and combinations with
other additives on the mechanical performance and corrosion of steel reinforced cement-based
mortars and concrete [10, 11, 15-19]. Several conclusions can be drawn from the literature as
follows: (i) The contact between conductors (steel and CF) can form a galvanic couple. Due to
their electrochemical potential difference, this galvanic couple can accelerate the corrosion of
steel reinforcement, especially with high chloride ion concentration. Surface treatments of CFs,
such as epoxy coating, can be applied to eliminate this adverse effect [10, 17, 18]. On the other
hand, when steel comes into contact with CFs in an alkaline environment, a shift in potential
occurs towards more positive values. An increase in the content of CFs within cementitious
materials leads to a reduction in steel corrosion and promotes the formation of a more compact
passivating layer on the steel surface [10]. This helps to mitigate potential galvanic effects,
enabling the materials to enhance the overall polarisation resistance without significantly
accelerating corrosion [10]. (ii) The optimal CF ratio in cementitious material should be
carefully determined to minimise corrosion activity, as an appropriate amount of CFs can act
as a barrier to chloride penetration by reducing the permeability and pathways for chloride
ingress [17]. Conversely, increased total porosity in concrete and voids at the interface between
solid particles and cement facilitates the penetration of chloride, which can reach the steel
reinforcement more easily and decrease the electric resistance [10, 16]. (iii) The densification
of concrete microstructure through the combined use of CFs and other additives, such as silica
fume, can enhance the overall corrosion resistance of the reinforced concrete [14, 16]. Hence,
based on previous studies, when applied in appropriate dosages and with proper treatments, CF
has the potential to reduce the corrosion rate of steel reinforcement within the cementitious

composites.

The benefits of FRCC with CFs have motivated researchers to explore the potential of
integrating recycled carbon fibres (rCFs) in construction materials. This strategy aligns with the
increasing demand for sustainable practices in the composite industry and also provides an
opportunity for repurposing recyclates derived from carbon fibre-reinforced polymer (CFRP)
waste [19]. FRP materials are widely used in various industries, including construction,
aerospace, transport, defence, and sports, due to their superior mechanical properties and
lightweight characteristics. However, a significant amount of waste is generated during the
manufacturing of FRP composites, which accounts for 40% of the total waste, as well as at the
end of their service life, posing substantial environmental challenges. The global CFRP waste

IS projected to increase to twenty kilotons annually in 2025. The aerospace and renewable
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energy sectors are facing a significant challenge due to the impending retirement of aircraft and
wind turbines. If effective recycling methods are not implemented, the annual accumulation of
CFRP waste from these two sources is projected to surge to 840,300 tonnes by 2050 [20].
Moreover, estimates suggest that waste CFs could reach 263,000 tonnes by 2030 [21].
Currently, the two predominant traditional methods for composite waste disposal are
incineration and landfilling. However, both approaches pose high risks to the environment and
public health due to the release of harmful emissions and the non-biodegradable nature of CFRP
composites. The development of a closed-loop lifecycle for CFRP composites, including
effective recycling approaches, is urgently needed. Incorporating these recyclates into concrete
presents a viable solution for composite waste management and sustainable development in the
construction industry [19]. However, research on the utilisation of CF and CFRP recyclates
obtained through different recycling methods in concrete remains limited, highlighting the need

for further detailed investigation to evaluate their performance.

This research explores an alternative sustainable pathway for repurposing CFRP waste
by incorporating it into cementitious materials, diverging from the conventional approach of
reclaiming CFs for their original use. The study contributes to investigating the feasibility of
incorporating various CFRP recyclates into the cementitious mortar and examines their effects
on the corrosion resistance and electrochemical properties of stainless-steel mesh embedded
cementitious composites. Firstly, the surface morphology, roughness and composition of three
recyclates (namely virgin CF (vCF) offcuts, chemically recycled CF (rCF), and mechanically
recycled CFRP (rCFRP)) were characterised after collection to understand their chemical and
physical properties. These recyclates were used to formulate three corresponding cementitious
composites, serving either as additional reinforcement or as a partial replacement for cement.
Water absorption testing was subsequently conducted to evaluate porosity, a key factor
influencing moisture and chloride ingress, which accelerates steel corrosion. A simulated
marine environment with an impressed current was designed to accelerate the corrosion process
and examine the corrosion of stainless-steel mesh embedded in cementitious composites. The
electrochemical behaviours of each specimen containing different CF recyclates were
monitored by connecting to a potentiostat and analysed through Tafel, Nyquist and Bode plots.
The equivalent electrical circuits were proposed to understand the effects of various CF
recyclates on the electrical network within cementitious composites. This analysis would reveal
the role of different CF recyclates in the conduction mechanism and their contributions to the

overall electrochemical response during the corrosion process. This study presents a
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comprehensive analysis of chloride-induced corrosion resistance and electrochemical
characteristics of cementitious composites with embedded steel reinforcement. The findings of
this study also demonstrate the feasibility of repurposing recycled CF and CFRP composite

wastes for use in infrastructures, particularly under aggressive environmental conditions.

6.2.3 Materials and experimental methodologies
6.2.3.1 CFRP recycling process

Short CFs were produced by manually chopping virgin fibre mats into lengths of
approximately 6mm. Two types of composite wastes were considered as sources for the
recycled CF and CFRP. As shown in Figure 6-1, the first type of composite waste consisted of
2-ply CFRP composites, which were composite offcuts from the process of manufacturing
CFRP in the lab. This type of CFRP composite plate, with a unidirectional configuration, was
produced using vacuum vacuum-assisted wet lay-up technique. Kinetix Resin R240 and
Hardener H160 were used as the epoxy binder, while vCF fabric reinforcement served as
reinforcement in the manufacturing process. The main characteristics of the vCF and epoxy
binder used for this composite are presented in Table 6-1. After curing at room temperature for
one week, the resultant fibre fraction was 76.7 wt.% with a thickness of 0.5 mm. Acid solvolysis
is a CF recycling method that employs solvents to disrupt the matrix bond through a chemical
reaction between the solution and the matrix [21, 22]. Previous reports have demonstrated that
strong acids, such as sulfuric acid, can effectively recycle fibres, reacting with ether and
benzene groups in epoxy-based composites at room temperature [23, 24]. In this experiment,
98% sulfuric acid was employed to reclaim CFs from 2-ply thin CFRP composites. The
degradation of the epoxy matrix occurred relatively quickly, requiring only an hour of
immersion in the acid at room temperature. Further information about the recycling process can
be found in the previous study [21]. After this process, the rCFs were removed from the
solution, rinsed thoroughly with water to eliminate excess chemicals on the surface, and then
dried at ambient temperature. Due to the curvature of the fibres and their tendency to become
intertangled after chemical recycling, the size of the rCFs could not be as precisely controlled

as the original 6mm vCFs. However, they were manually cut to lengths ranging from 6 to

10mm.
Table 6-1. Properties of virgin carbon fibre and epoxy adhesive.
vCF Uncured properties Resin R240 Hardener
prop H160
Areal weight (gsm) 300 Viscosity mPas @ 25°C 1600 30

Chapter 6: Electrochemical and Piezoresistive Properties of Cementitious Composites Incorporating Pulverised CFRP Waste
and Reclaimed CF 278



Specific Gravity g/ml

Tensile modulus (GPa) 210 @ 25°C 1.15 0.95
Tensile strength (MPa) 3,000
Nominal thickness 0.12
(mm/ply)
Density (g/cmq) 1.79
Epoxy adhesive (Resin R118 and Hardener H160)
Tensile modulus (GPa) 3.1
Tensile strength (MPa) 69.6
Density (g/cm®) 1.09

The second type of CFRP composite waste was collected from a manufacturer in the

aerospace industry and consisted of discarded aerospace manufacturing parts (Figure 6-1).

These composite panels exhibited quasi-isotropic behaviour with an ultimate tensile strength of
496 MPa and a Young’s modulus of 351 MPa, as previously tested by the authors [19]. CFRP

parts, with a thickness of approximately 5 mm, were processed with a two-step mechanical

recycling approach using a Tema ring mill. After sieving, a mixture of short carbon fibres and

irregular resin powder (particles passing through 600um sieves) was selected as rCFRP for

mixing into the cementitious matrix.
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Figure 6-1. Three types of CF and CFRP recyclates used in this study.

6.2.3.2 Mix design and specimen preparation

Three different cementitious composite mixes with recyclates were prepared. vCFs and

rCFs were added at 1.0% and 0.5% by volume, respectively, based on the authors’ preliminary
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testing and considering different CF lengths [11, 19, 25]. Meanwhile, rCFRPs replaced 10% of
the cement by mass. The design ensured an optimal balance between the compressive strength
of the cementitious composites and the conductive network formed by CFs within the matrix.
This resulted in more stable piezoresistive behaviour, providing sufficient electrical
conductivity and mechanical performance. In this study, these specimens were named VCF,
RCF, and RCFRP, with a plain mortar used as a reference, labelled REF. The mix was
formulated with a binder-to-fine aggregate-to-water ratio of 1:1.5:0.55, consistent with the

author's previous work [19].

The cementitious composite preparation process involved dry-mixing cement and
recycled materials at low speed for three minutes to achieve a homogeneous blend. Fine
aggregates and water were gradually added in two stages, followed by five minutes of mixing,
transitioning from low to high speed until a uniform consistency was achieved. The mixture
was stirred for an additional two minutes at low speed. The pastes were then cast into moulds
for water absorption (50x50x50 mm3) and electrochemical tests (40x40%160 mm?). The fresh
mixes were poured into moulds in two layers and vibrated for 30 seconds to compact the mortar
and remove air. After 24 hours, the specimens were demolded and cured at 23 °C, wrapped in

damp cloths, and sealed in plastic until testing.

6.2.3.3 Experimental methods
Characterisation of CF and CFRP recyclates

The surface morphology of recyclates, namely vCFs, rCFs and rCFRPs samples was
observed using a scanning electron microscopy (SEM) (Zeiss ULTRA Plus) at an acceleration
voltage of 10 kV with the SE2 detector employed. The surface roughness analysis of CFs was
performed by a Bruker Innova Atomic Force Microscope (AFM). Prior to testing, a very thin
layer of CFs (approximately 5mm x 5mm area) was adhered to carbon double-sided tape to
ensure no movement of each individual CF, with silver paint used to fix both ends. The AFM
tip scanned the CFs in tapping mode, focusing on surface features with a scan rate of 0.5 Hz
and scan ranges of 2 um. Nasoscope Analysis software (3.0) [26] was then used for cropping,

processing, and calculating the roughness of the images.

The structure of CF and CFRP recyclates was further characterised by a Renishaw Raman
InVia Qontor Microscope with a 532nm laser excitation wavelength, and spectra were recorded
using the 50x objective with the accumulation of 3 scans, 10s exposure and a laser power of

3.95%. In addition, TA Instruments Discovery Thermogravimetric Analyser and Bruker
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ALPHA Fourier transform infrared (FTIR) were used to assist in determining the fibre weight
fraction and the presence of organic compounds in the industrial CFRP composites. FTIR
spectra were collected over the region of 4000 cm * with the co-addition of 64 scans at a spectral

resolution of 400 cm 2.
Water absorption testing

The water absorption in terms of total porosity of the cementitious composite was
evaluated in accordance with ASTM C948-81 [27] by measuring the difference between the
immersed mass and the saturated surface-dry mass of the 50x50x50 mm?3 specimens at 7 and
28 days. The dry bulk density of the hardened cementitious composites was calculated as the
ratio of the recorded oven-dry mass to the specimen’s volume, in accordance with BS EN 1015-

10 [28]. Three repeated specimens were tested for each group.
Simulated marine environment and electrochemical measurement

To investigate the impact of incorporating various CF and CFRP recyclates on the
corrosion behaviour of reinforcing stainless-steel mesh embedded in cementitious composites
exposed to a simulated marine environment, each specimen was connected to a Metrohm
Autolab PGSTAT302N potentiostat. Given that the corrosion of stainless steel is typically a
slow electrochemical process under natural conditions, a constant impressed current density of
3.125 A/m2 was applied to accelerate the corrosion process of stainless-steel mesh, particularly
to simulate the extremely aggressive conditions. This current density was determined to ensure
that the total amount of electrical charge passed over time in the accelerated test corresponded
to that in natural conditions. In practice, the current density of metastable pits in stainless steel
ranges from 0.5 to 2.5 A/cmz? [29, 30]. Under laboratory conditions, based on the total charge
passed over time calculated, each specimen was subjected to accelerated corrosion for 2 hours
and 6 hours, simulating the equivalent of 5 years and 15 years of natural corrosion, respectively.
In this setup (as shown in Figure 6-2), the stainless-steel mesh served as the working electrode,
the titanium rod as the counter electrode, and an Ag/AgCI electrode as the reference. A 3.5%
NaCl solution was used as the electrolyte to simulate the marine environment, ensuring

complete immersion up to the surface level of the cementitious composites.

During the process of immersion, linear polarisation resistance (LPR) and
electrochemical impedance spectroscopy (EIS) measurement techniques were employed to
study the stainless-steel corrosion mechanism. Firstly, measurements were performed at open

circuit potentials (OCP), with the process beginning only after the potential deviation, dE/dt,
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stabilised to 1E-06 V/s, ensuring sufficient potential stability. LPR measurements were then
conducted using a linear sweep voltammetry (LSV) staircase method with a scan rate of 0.01
V/s, before and after each accelerated corrosion operation. This approach was used to evaluate
the corrosion rate and polarisation resistance, with key parameters including corrosion potential
(Ecorr) and corrosion current density (icorr) determined by Tafel analysis. To further
investigate the impedance characteristics of internal components within the cementitious
composites, a Frequency Response Analysis (FRA), commonly known as EIS, was conducted
over a frequency range of 0.01 to 100,000 Hz, with 20 frequency points per decade. A sine
wave was used as the applied signal, and the input configuration was set to internal. The Nyquist
and Bode plots were then used to present the resulting data, highlighting the resistance of
different components across both low and high-frequency regions. In addition, equivalent
circuits were evaluated for each cementitious composite to represent the complex
electrochemical system as a series of manageable electrical components, such as solution
resistance and the resistance at the steel-matrix interface. These equivalent circuits were
subsequently fitted to the experimental data, with the parameters (values of the electrical

components) optimised to achieve the best alignment with the observed results.
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Figure 6-2. Experimental setup of accelerated corrosion using impressed current and
electrochemical measurement in 3.5% NaCl solution.

6.2.4 Results and Discussion
6.2.4.1 Surface morphology and roughness of recyclates

To evaluate the recyclate surface morphology, SEM micrographs of vCF, rCF, and CFRP

recyclates were compared. As shown in Figure 6-3 (a), the surface of vCF exhibited distinct
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grooves along the fibre direction caused by the wet-spinning process during manufacturing.
These surface grooves can enhance mechanical interlocking between the fibre and the
surrounding matrix, leading to improved interfacial bonding. Figure 6-3 (b) shows individual
CFs reclaimed by sulfuric acid recycling, indicating the matrices were degraded and lost their
binding functions, in contrast to Figure 6-3 (d) where CFs were embedded in the epoxy matrix
and completely covered. In some regions on the rCF surface, sulfuric acid etching also resulted
in the formation of deeper grooves. The acid etched the surface, degrading the matrix and
potentially deepening existing grooves. In other areas, a thin layer of matrix and resin debris
was still observable on the CF surface after chemical recycling. Figure 6-3 (c) shows the CFRP
recyclates, including both CF and fragmented resin debris, which were mechanically recycled
from industrial CFRP panels. The cylindrical shapes of short CFs and resin particles were
clearly distinguishable, with some portion of resin particles attached to the CFs. Figure 6-3 (e)
displays the cutting surface of these composites, where the vCFs were closely packed in the

matrix in different orientations.

Figure 6-3. SEM micrographs of (a) vCF; (b) rCF from sulfuric acid treatment; (c) rCFRP
from mechanical recycling method; (d) lab-manufactured CFRP surface; and (e) cross-
sectional view of aerospace-grade CFRP.

The AFM morphology, surface height profiles and roughness are presented in Figure 6-4
and Table 6-2. It can be observed that vCF exhibited prominent parallel longitudinal grooves,
which is consistent with the SEM morphology image. The horizontal line across the image
indicates the height of the cross-section, labelled as Line 1 in Figure 6-4 (a). Regular

undulations were clearly visible, representing ravines on the surface of the vCF, with the
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maximum groove depth measuring approximately 150 nm. Lines 2 and 3 were measured along
the direction of the fibres. Both lines indicate a relatively smooth surface in this direction, with
minor fluctuations in height. The rCF surface still showed some grooves, although they were
not as pronounced as those on the vCF. Obvious bumps were present on the surface, obscuring
the grooves. However, in certain regions, deep pits or grooves were still visible. As seen in
Figure 6-4 (b), line 1 represents the cross-sectional height perpendicular to the fibre direction.
Between 0 and 1 pum, the height variation exceeded 300 nm, possibly due to etching. In contrast,
the right side, from 1 to 2 um, exhibited a smoother surface, suggesting the presence of residual
resin covering the grooves, resulting in a flatter texture. In Figure 6-4 (c), most regions on the
rCFRP surface exhibited a smooth appearance without any visible grooves, likely attributed to
the different types of CFs used in manufacturing the original CFRP composites. The surface
roughness observed was primarily caused by residual resins, as indicated by Lines 1 and 3. An
obvious hump between distances of 1 to 1.5 pm was observed in the height profile along Line
3. However, this examination only covers the surface of a random micro-CF in the recyclates.
There is a large amount of polymer matrix debris with irregular particles, exhibiting wide size

variations, as shown in the SEM image Figure 6-3 (c).

Table 6-2 presents a quantitative comparison of two parameters. The average roughness
(Ra) of the entire image was calculated after second-order flattening using Nasoscope Analysis
[26]. The results indicate that vCF had the highest roughness at 39.8 nm, due to its distinct
grooves. This is followed by rCF with a roughness of 27.5 nm, and rCFRP with a roughness of
18 nm, which is consistent with the previous qualitative analysis. The ratio between the surface
topography area and the projected area (Ar) was also calculated, indicating the additional
surface contact area. Again, VCF exhibited the highest surface area with a 26.8% excess
compared to an ideal smooth surface. For the parameter Ar, the rCFRP surface showed the
second largest Ar value of 1.264 due to its large protrusions, while the rCF surface exhibited

the least excess contact area of 0.24%.
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Figure 6-4. AFM images and surface height profiles (blue dashed lines indicate measurement
location) of recyclates: (a) vCF; (b) rCF; (c) rCFRP (Line 1: Cross-sectional height profile
perpendicular to the fibre direction; Lines 2 & 3: Longitudinal height profile along the fibre
direction.).

Table 6-2. Average roughness and ratio between the surface topography area and the
projected area of recyclates.

vCF rCF rCFRP
Ra
(nm) 39.8 27.5 18
Ar 1.268 1.240 1.264
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6.2.4.2 Structural and compositional analysis of recyclates

The Raman spectra of the CF surface were used to characterise the degree of graphitic
structural disorder in the carbon-based materials. Two distinct peaks, namely graphite and
disorder bands, are evident in Figure 6-5 (a). The D peak (around 1350-1360 cm™) is associated
with the presence of disorder defects, while the G peak (around 1592-1599 cm™) presents the
ordered graphite structure. The intensity ratio (Io/l) of vCF surface was calculated to be 1.41.
A higher Ip/lg ratio in the recycled CF surface indicates more severe surface defects and
imperfections. The CF reclaimed from the mechanical recycling approach showed the lowest
degree of graphitic structure, followed by the chemical recycling method.

The composition of the industrial-use CFRP composite was evaluated in Figure 6-5 (b).
The derivative weight percentage per degrees Celsius (in terms of the rate of weight loss with
respect to temperature), as shown in the Derivative Thermogravimetric (DTG) curve, indicated
that the CFRP composite experienced significant weight loss between around 400-500 degrees
Celsius. TGA was conducted at 20 °C/min to 700 °C under nitrogen, using 15-40 mg samples
over 33 minutes. This suggests that the decomposition of the resin matrix occurred within this
temperature range. The Thermogravimetric Analysis (TGA) curve indicated that CFRP
recyclates consisted of approximately 50wt.% CF. From FTIR analysis (Figure 6-5 (c)),
functional groups of organic compounds on CFRP composite can be determined. The C—H
aromatic benzene ring vibration was observed at 1507cm ™. The epoxide ring vibrations (C—O—
C bonds) were observed at 969cm™ and 873cm™. The carbonyl compounds (C=0) were
detected at 1701cm ™t and 1770cm™?, indicating the possible presence of various products such

as ketones, esters, and aldehydes [31, 32].
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Figure 6-5. (a) Raman spectra of CF surfaces; (b) Thermal stability, and (c) FTIR spectrum of
CFRP recyclates.

6.2.4.3 Total porosity by water absorption measurements

The total porosity of the resulting cementitious composite containing CF and CFRP
recyclates was measured by the water absorption experiment. As the density of all specimens’
microstructure increased due to the development of hydration reactions over time, the water
absorption percentage decreased from 7 days to 28 days. As shown in Figure 6-6, VCF and
RCF exhibited higher porosity and lower dry bulk density than the REF. This was attributed to
the presence of additional air entrapment, potential clustering of fibres, and the lightweight
nature of CFs. RCF with 0.5 vol.% rCF had similar water absorption and dry density values to
VCF with 1.0 vol.% vCF. This similarity could be attributed to the rCF being longer than the
vCF and being cut and collected after acid treatment. At 28 days, the specimen containing rCF
had 4.86% higher water absorption and 6.05% lower bulk density compared to the REF. In
comparison, the specimen with vCF showed a much higher water absorption of 6.44% and a
bulk density that was 6.81% lower than that of the REF. A denser structure with rCF was
observed, probably due to enhanced interfacial bonding from oxygen-containing functional

groups introduced by the acid treatment.

The inclusion of CFRP recyclates significantly decreased the porosity by 19.15% within
the cementitious composites, as the fine particles filled voids and spaces between larger
particles, enhancing compaction through more efficient packing arrangements. When a larger
amount (10%) of CFRP recyclates with lower specific gravity was added to the cementitious
matrix to replace cement, the bulk density was still higher than that of VCF and RCF, again

demonstrating its compactness.
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Figure 6-6. Water absorption and dry bulk density of specimens containing different CF and
CFRP recyclates.

6.2.4.4 Electrochemical measurements

Visual observation

Visual inspection was carried out throughout the corrosion experiment. During the
corrosion process, greenish to yellowish-brown products gradually formed on the mesh near
the cementitious composite surface. These corrosion products are primarily due to the presence
of ferrous hydroxide, ferric hydroxide, and ferrous chloride, resulting from the oxidation
reactions occurring on the steel surface, as illustrated in Equations 6-1 to 6-5. Over time, this
led to the formation of reddish-brown ferric oxide (Equation 6-6) and a minor mixture of the
other corrosion products including chromium, as stainless-steel mesh was used in the
experiment. This indicates that the chloride ions penetrated the steel's passive layer and led to
pitting corrosion and rust formation. The titanium rod remained unaffected but showed bubbles
around its surface, which means the presence of hydrogen gas caused by the reduction reaction.
Figure 6-7 shows the top, bottom and side views of specimens after equivalent to 15 years of
corrosion. The rust initiated from the embedded stainless-steel mesh and spread to the
surrounding surfaces. Minimal rust was observed in the specimen containing CFRP recyclates
(Figure 6-7 (d)), while the specimen with vCF showed more extensive corrosion (Figure 6-7
(b)). This observation suggests that rCFRP is probably effective in mortar for mitigating

corrosion under harsh conditions, as further supported by electrochemical measurements.
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Figure 6-7. Photographs of specimen surfaces after corrosion equivalent to 15 years: (a) REF;
(b) VCF; (c) RCF; (d) RCFRP.

I

Fe = Fe?* + 2e~ 6-1

Fe?* + 20H™ = Fe(OH), 6-2
Fe(OH), + 0, + 2H,0 = 4Fe(OH); 6-3
Fe?t + 2Cl™ = FeCl, 6-4

FeCl, + 2H,0 = Fe(OH), + 2HCI 6-5
2Fe(OH)3; = Fe,05. H,0 (rust) + 2H,0 6-6

LPR measurement and Tafel polarisation plot

LPR measurements were conducted on each specimen before and after corrosion
acceleration in the absence of external potential. Tafel polarisation plots and analyses were
carried out to calculate the corrosion rates and polarisation resistance. The Butler-Volmer
equation describes the relationship between the current density (I) and the difference between
the applied potential (E) and the corrosion potential (Ecorr), as shown in Equation 6-7. In this
equation, icorr represents the corrosion current density. b, and b, are the Tafel slopes of the

anodic and cathodic reactions, respectively.

2.303(E—-Ecorr) —2.303(E—-Ecorr)
I =i.orr|e ba —e be ] 6-7

Figure 6-8 shows the Tafel plots for cementitious composites before and after equivalent
corrosion times of 5 and 15 years. The icorr on the x-axis represents the rate at which the
stainless-steel mesh corrodes, while Ecorr indicates the tendency for the steel to corrode. A
more negative value of Ecorr suggests a higher likelihood of corrosion. The slope of the
potential-current curve near corrosion potential Ecorr is used to calculate the polarisation
resistance. Table 6-3 provides more detailed quantitative corrosion parameters. Before
corrosion began, REF and RCFRP exhibited similar corrosion rates, and the specimens
containing CFs (VCF and RCF) demonstrated similarly higher corrosion rates. Likewise, REF
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showed the highest polarisation resistance, followed by the RCFRP, due to the limited influence
of CFRP recyclates on reducing electrical resistance [19]. In contrast, the specimens containing
CFs exhibited lower polarisation resistance values, as anticipated. This reduction was attributed
to the significant enhancement of electrical conductivity due to the presence of CFs [11]. In
terms of Ecorr , CF demonstrated its ability to stabilise the electrochemical environment by
creating a more uniform distribution of potential across the steel surface, which reduced the

likelihood of localised corrosion.

The Tafel plots then shifted in the direction indicated by the yellow arrows as exposure
time increased. The curve of REF shifted in the negative direction on the y-axis and positive
direction on the x-axis, indicating that the steel in plain mortar experienced steadily increasing
corrosion over time. VCF and RCF exhibited higher corrosion rates over time due to the
inclusion of 6 mm to 10 mm CFs. Additionally, the higher porosity observed in VCF and RCF
(Figure 6-6) demonstrated more internal void channels, which provided pathways for
aggressive ions and moisture to reach the stainless-steel mesh, further exacerbating corrosion
[17]. RCF exhibited lower polarisation resistance at the equivalent corrosion time of 5 years,
followed by an increase, possibly due to the improved rCF-matrix bonding over time. Although
rCF exhibited a generally smoother surface than vCF, as shown in the AFM scan (Figure 6-4),
this improvement could be attributed to the functional groups on the rCF surface induced by
sulfuric acid treatment, which reacted with calcium ions and hydration products. To some
extent, these reactions densified the microstructure and limited the ingress of aggressive ions
that can cause corrosion. The Ecorr of RCF also became less negative over time, suggesting a
less prone to corrosion trend. RCFRP demonstrated overall lower corrosion rates and greater
polarisation resistance at the end of the 15-year equivalent corrosion period compared to the
other specimens. Additionally, the corrosion potential in RCFRP was less negative compared

to REF, indicating improved long-term durability.
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Figure 6-8. Tafel polarisation curves for plain mortar and cementitious composites containing
VvCF, rCF and rCFRP.

Table 6-3. Tafel analysis before and after exposure to the accelerated marine environment.

Corrosion Polarisation
- icorr (A) rate Ecorr (V) resistance
Condition (mmiyear) Q)
Before 0.0018 0.33 -0.65 350.88
5 years
REF Corrosion 0.0118 2.12 -0.83 56.74
15 years 0.0146 2.63 -0.89 58,54
Corrosion
Before 0.0079 1.42 -0.25 53.26
5 years
VCE Corrosion 0.0271 4.87 -0.33 28.79
15 years 0.0360 6.49 -0.42 22,62
Corrosion
Before 0.0079 1.43 -0.83 56.60
5 years
RCE Corrosion 0.0314 5.66 -0.40 28.40
Cl5 years 0.0223 4.01 -0.34 4510
orrosion
Before 0.0018 0.32 -0.65 235.63
5 years
RCERP Corrosion 0.0049 0.87 -0.79 76.07
15 years 0.0083 1.50 -0.81 77.27
Corrosion

EIS analysis using Bode and Nyquist plots

Both Nyquist and Bode plots were analysed to further show the EIS properties of
specimens. A Nyquist plot is generated by plotting the real part of the impedance against the

imaginary part. The shape of the curves in the Nyquist plot provides a qualitative interpretation
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of the data. As reported by Zhang et al. [33] and Li et al. [34], it is expected that cement-based
sensors containing conductive fillers will exhibit an additional arc in the Nyquist plot at
intermediate frequencies, attributed to the fibre effect. As clearly seen in Figure 6-9 (b) and (d),
which show the zoomed-in areas of interest, both VCF and RCF specimens exhibited this type
of arc pattern because of the formation of electrical double layers (EDLs) on the carbon fibre
surface. The arc corresponding to the RCFRP specimen was not prominent at intermediate
frequencies, instead, a plateau region was observed. In the Nyquist plot, the larger diameter of
the semicircle generally indicates a higher impedance. The REF specimen demonstrated the
highest corrosion resistance at the equivalent of 5 years. However, the diameter notably
decreased over time, indicating a reduction in corrosion resistance. Upon the inclusion of CFs,
both the bulk and electrode arc diameters decreased, corresponding to the increased
conductivity. The RCFRP specimen showed a relatively large semicircle, suggesting good long-

term corrosion resistance in a more stable manner.

The Bode plots in Figure 6-9 (e) and (f) were used to compare the total electrical
impedance including the solution resistance at high frequencies and charge transfer resistance
at lower frequencies. In these plots, the absolute value of impedance is plotted as a function of
frequency. A negative slope over the entire tested frequency range was observed for all
specimens, indicating the solution resistance is much smaller than the charge transfer resistance
such as Rct and Rf (Resistors Rct and Rf represent the interface resistance between the steel-
matrix interface and the fibre-matrix interface, respectively). At a lower-frequency range, a
lower steep slope indicates better corrosion resistance performance. Among these specimens,
REF demonstrated the highest impedance, but it decreased the most over time, representing the
progressive long-term corrosion of the plain mortar. The RCFRP specimen also demonstrated
higher impedance with a lower corrosion rate, while the specimens including CFs indicated

lower solution resistance within the material.

Figure 6-9 (g) and (h) represent the conventional simplified equivalent circuit models for
plain mortar [35] and carbon fibre reinforced mortar respectively, corresponding to the given
mix combination and the observed experimental behaviour. The equivalent circuit models are
used to interpret impedance data. Resistor Rs represents the resistance of pore solution in the
cementitious matrix. CPE denotes the constant phase element associated with capacitance,
which models the non-ideal capacitive behaviours. The impedance of CPE is expressed as the

following equation:
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1

ZePE = 3G 6-8

where Y, is the admittance of the CPE, which is the inverse of impedance. j is the

imaginary unit (equal to v—1). w is the angular frequency, and N is an empirical constant
ranging from 0 to 1. When N approaches 0, the CPE behaves more like a pure resistor, while

when N is closer to 1, the CPE behaves more like a capacitor.

Table 6-4 presents the fitting parameters of cementitious composites with or without
recyclates based on the equivalent circuit models. The smaller Rs value represents the effective
chloride ions’ accelerated transfer. RCFRP with a higher Rs value showed enhanced resistance,
likely due to the refined pore structures, as evidenced by the lower porosity in Figure 6-6, while
Rs reduced sharply with the inclusion of CFs into the mortar. VCF and RCF showed lower Rct
values, indicating that more chloride ions reached the stainless-steel mesh surface, thereby
accelerating the corrosion reaction and promoting the dissolution of metal. The formation of a
CF conductive network reduced the electron transfer resistance. The fitting parameters are

consistent with previous discussions.
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Figure 6-9. The impedance behaviour characterised by Nyquist plots: (a) to (d), and Bode
plots: (e) and (f), corresponding to corrosion periods equivalent to 5 and 15 years; (g) and (h)

illustrate the equivalent circuit models. The EIS diagrams were plotted using both
experimental results (represented by hollow scatters) and fitting results based on the

CPE

(h)

CPE1 CPE2

equivalent electrical circuits (represented by solid lines).

Table 6-4. Fitting parameters based on the equivalent circuit models.

Equivalent o CPE1 CPE2
Corrosion Q) Ret (Q) YO N Rf (Q) YO N
Years (mMho-s"N) (mMho-s"N)
REF 5 13.88 2351.90  0.00135 0.900
15 13.86 546.38 0.00191 0.807
VCF 5 321 944 0.00506 0.606  2123.20 0.122 0.896
15 3.65 850 0.00653 0583 12492 0.167 0.872
RCE 5 385 1648 0.00523 0.561  194.73 0.098 0.883
15 469  23.28 0.00440 0.583  108.05 0.121 0.901
5 16.12 224.04 0.00164 0.839
RCFRP
15 17.16 149.79 0.00177 0.815
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6.2.5 Discussion

The integration of multiple evaluation methods provides a comprehensive understanding
of the material phase, and the physical and electrochemical properties related to the corrosion
behaviour of steel-embedded cementitious composites. These methods collectively examine the
influence of incorporating different CF and CFRP recyclates on the internal structure of
cementitious composites and their effectiveness in mitigating or accelerating stainless-steel
mesh corrosion. The CFRP recyclates, consisting of micro-CFs and fine polymer matrix
particles, have proven effective in mitigating steel corrosion in an aggressive marine
environment by reducing the corrosion rate and enhancing resistance. This was achieved by
limiting chloride ingress to the stainless-steel mesh, due to the denser structure and lower

porosity compared to plain mortar (Figure 6-6).

However, the inclusion of discrete short CFs led to an increased corrosion rate and
reduced corrosion resistance, primarily due to the higher porosity observed, as shown in Figure
6-6. The greater pore volume created additional pathways for aggressive ions to penetrate,
accelerating their access to the stainless-steel mesh. The presence of CFs also decreased
electron transfer resistance by forming a strong conductive network. Furthermore, the lack of
additional surface treatment on the CFs may have exacerbated corrosion through galvanic
coupling between the CFs and the steel. The specimen containing rCF with acid treatment
exhibited slightly more resistance to corrosion than the vCF specimen, as evidenced by both
visual inspection and parameter analysis. The rCF exhibited lower surface roughness due to
residual matrix material and an increased ID/IG ratio, indicating more significant surface
imperfections (as shown in Figure 6-4 and Figure 6-5). These characteristics reduced their
conductivity for free electron transmission, thereby contributing to an overall decrease in the
resistivity of the cementitious composites [36]. In addition, oxygen functional groups were
introduced during the acid recycling process, resulting in improved interfacial bonding between
rCF and the cementitious matrix. As a result, the water absorption percentage of the specimen
containing rCFs at 28 days showed a slight decrease compared to the specimen with vCF. As
suggested by Wei et al. [17], CF waste can undergo additional surface treatment with epoxy
before being incorporated into concrete, which has been shown to reduce the corrosion rate of
reinforced concrete (RC) structures.
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6.2.6 Summary of key findings from Section 6.2

In conclusion, this study examines the material characterisation of chopped vCF offcuts,

chemically recycled CF, and mechanically pulverised CFRP, as well as the total porosity and

the corrosion behaviours of their corresponding stainless-steel mesh-embedded cementitious

composites. The specimens were exposed to a 3.5% NaCl solution with impressed current to

simulate an accelerated harsh marine environment. The corrosion behaviour of stainless-steel

mesh was monitored using a potentiostat, and the electrochemical performance was measured

and analysed through LPR and EIS techniques. The key findings derived from the results are

as follows:

The recyclates exhibited distinct surface characteristics. VCF exhibited prominent
grooves, while rCF from acid solvolysis treatment displayed surface bumps, residual
matrices and etched areas. The mechanically recycled CFRP had the lowest surface

roughness but the highest disorder defects, along with pulverised resin matrix particles.

The inclusion of additional CFs in cementitious composites increased the total porosity
and lowered the dry bulk density compared to plain mortar, primarily due to air
entrapment and fibre clustering. Conversely, CFRP recyclates notably reduced pore
volume, achieving a 19.15% reduction in water absorption compared to the plain
specimen, by filling voids between larger particles, improving particle packing and

providing nucleation sites for hydration products in the matrix.

The incorporation of CFRP recyclates in cementitious composites has been shown to
effectively mitigate steel corrosion under harsh environmental conditions. After
simulating 15 years of aggressive corrosion, the specimen with CFRP recyclates
demonstrated a 43% reduction in corrosion rate and a 32% increase in polarisation
resistance compared to the plain specimen. EIS investigations also confirmed its ability
to provide greater stability in long-term corrosion resistance. Visual inspection revealed

minimal rust on the CFRP recyclate specimen, further confirming its protective effect.

The inclusion of discrete short CFs increased corrosion rates and reduced corrosion
resistance due to higher porosity, which created pathways for aggressive ions and
formed a conductive network that decreased electron transfer resistance. The specimen
with rCF from acid recycling showed slightly better corrosion resistance than the vCF

specimen.
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This study primarily examined the impact of various CF and CFRP recyclates on the
corrosion behaviour of stainless-steel mesh-reinforced cementitious composites. The findings
confirmed that CFRP recyclates are effective as sustainable materials for use in cementitious
materials, particularly in aggressive marine environments. Future research is recommended to
explore different treatments for rCF and the optimal dosage of recyclates to further enhance
corrosion resistance performance. Additionally, future studies could examine the effect of

chloride ingress on cementitious composites with varying compositions.
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6.3.1 Abstract

Cementitious composites with carbon fibres (CFs) have been developed as functional
cement-based sensors for real-time structural health monitoring (SHM). However, few studies
have investigated the piezoresistive performance of these cementitious composites under
different external environmental conditions. This research studies the influence of carbon fibre-
reinforced polymer (CFRP) recyclates on the electrical resistivity and piezoresistivity of
cementitious composites under varying temperature, humidity and chloride-induced corrosion.
The experiments involved the use of recycled carbon fibre (rCF) reclaimed through acid
solvolysis and recycled CFRP (rCFRP) derived from mechanical recycling. Their performance
in cementitious composites was evaluated against benchmarks containing virgin carbon fibre
(VCF) offcuts and plain mortar without additives. The results show that while incorporating
rCFRP increased the electrical resistivity of cementitious composites compared to those with
CFs, the rCFRP specimens demonstrated more consistent and repeatable piezoresistive
behaviour under cyclic loading in both low and high-humidity environments. Under 30%
humidity conditions, the rCFRP specimen achieved an average stress sensitivity (SS) of
0.42%/MPa and a gauge factor (GF) of 17.50. The piezoresistivity decreased after exposure to
chloride-induced corrosion. However, the behaviour remained stable through a well-distributed
conductive network, which proved more effective than ionic conduction pathways. These
findings demonstrate the potential of rCFRP-based cementitious sensors for SHM applications,

offering both technical effectiveness and environmental sustainability.

Keywords: Self-sensing materials; Piezoresistivity; Electrical resistivity; Fibre-
reinforced polymer (FRP); Recycling
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6.3.2 Introduction

Structural health monitoring (SHM) offers an economical, real-time, and automated
solution for monitoring civil infrastructure. This strategy enables the early detection of
anomalies or defects, enhancing the reliability and safety of structures. Factors such as harsh
environmental conditions, natural disasters, and manufacturing deficiencies can lead to the
degradation of structures both in the short term and over time [37]. Therefore, the application
of SHM at every stage of the infrastructure’s service life is important. Over the last decades,
multiple techniques have been employed in SHM to assess the performance of concrete
structures, including electro-mechanical impedance (EMI) [38, 39] and Fibre Bragg gratings
(FBGs) sensors [40, 41]. Conventional SHM systems utilise sensors embedded in or attached
to structural components during construction. They rely on wired or wireless networks to
transfer data, enabling non-destructive and long-term management of the infrastructure. Despite
their benefits, these applications are constrained by the limitations of sensor technologies,
including high costs, installation challenges, and restricted data collection capabilities that
typically focus on specific points rather than the entire structure [42-44]. As an alternative, self-
sensing cementitious composites with functional fillers, also known as smart concrete, have
gathered great interest in engineering practice. These cementitious composites incorporate
functional additives within the cementitious matrix to form a conductive network, where
changes in this network can indicate deformation and defects [45]. Therefore, without the need
for additional sensors, the cementitious composite itself functions as a sensory material,
providing comprehensive monitoring of the entire structure [46].

Among various conductive fillers, carbon-based materials such as carbon fibres (CFs)
[11, 44, 47], graphite powder (GP) [46], carbon nanotubes (CNTS) [44, 47], carbon nanofibers
(CNFs) [34], and carbon black (CB) [34] are most studied for developing intrinsic self-sensing
cementitious composites due to their effectiveness in enhancing piezoelectric behaviour. The
integration of carbon nano additives fills the pores between hydration products, densifying the
microstructure of the matrix. On the other hand, fibrous carbon additives enhance the
reinforcing effect within the surrounding matrix. Both types of additives contribute to improved
electrical conductivity by creating a denser microstructure that facilitates electron transport and
establishing continuous conductive pathways. In addition, well-distributed CFs are particularly
effective in reducing the electrical resistivity of composites due to their higher aspect ratio,
which facilitates the development of conductive networks. Researchers have been investigating

different combinations to achieve the optimal piezoresistive performance for their mixes. For
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example, Li et al. [34] determined that the optimal dosage of CB for both compressive strength
and piezoresistivity was 0.5 wt.% of binder in the development of self-sensing ultra-high-
performance concrete (UHPC). Deng et al. [48] proposed a type of conductive mortar combined
with alkali-activated fly ash and slag (AAFS). They found that, when investigating CF additions
ranging from 0 to 0.5 vol.%, the mortar with 0.1 vol.% CF exhibited the best piezoresistive
behaviour with the most distinct response to cyclic loads, and with 0.2 vol.% CF, it reached the

percolation threshold.

In real-world cases, structures are exposed to different climate conditions, which impact
their electrical properties. Studies have emphasised the influences of temperature variations and
different levels of humidity on the electrical resistance and piezoresistivity of cementitious
composites. According to Wang et al. [49]’s study, the relationship between temperature and
electrical resistance could be linear or follow a Gaussian function, depending on CNFs content
and moisture state. The self-sensing performance was temperature-dependent, with optimal
performance at 20°C. Performance deteriorated at both lower and higher temperatures due to
two primary mechanisms: (i) reduced carrier transport current, thermal voltage, and ionic
conduction at lower temperatures; and (ii) decreased tunnelling effect caused by increased
distance between CNF particles. On the other hand, the fluctuation in humidity alters the ion
concentration in the pore solution, thereby affecting its conductive behaviour. Water content
reduced electrical resistivity due to induced ionic conduction when incorporating a lower
amount of conductive fillers, while electronic conduction dominates with more conductive
fillers [50]. The increased water content could also increase the contact resistance between
fillers, thus reducing the electronic conduction [51]. In such cases, the higher water content
would deteriorate the piezoresistive sensitivity. Contradictory observations have been reported,
as piezoresistive sensitivity initially decreased due to the electric polarisation effect but
subsequently increased with rising water content, attributed to a larger number of free ions [49].
In addition, since most structures are susceptible to chemical attacks, it is crucial to ensure that
their piezoresistivity remains stable for effective self-sensing, even after degradation.
However, only a few studies have investigated the ability of self-sensing cementitious
composites under chemical deterioration mechanisms, including chloride-induced and sulphate
attacks [52, 53]. These two studies revealed the mechanisms behind altered piezoresistivity
from a microstructural perspective, including the formation of erosion products and changes in
the ion concentration of pore solutions. Further investigation into the piezoresistivity under

varying humidity and chemical attack conditions is still essential for the development of
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cement-based sensors for SHM. This research is essential to understand how self-sensing

cementitious materials perform in real-life service conditions.

On another aspect, in the last five years, there has been growing interest in utilising
recycled CFs (rCFs) in cementitious materials to enhance conductivity and piezoresistive
behaviour purpose. The first study, initiated by Faneca et al. [54] in 2018 confirmed the
feasibility of using rCFs to create conductive cementitious materials without compromising
electrical properties. Belli et al. [12] compared the effects of incorporating 6mm length
commercial and recycled CFs in mortars. While there were no noticeable differences in
mechanical strength when combined with industrial by-product conductive fillers, the micro-
fragments present on the surface of rCFs contributed to lower porosity in the mortars. The
largest resistivity changes under strain were obtained in specimens containing 2 vol.% used
foundry sand and 0.2 vol.% rCFs. Indeed, the shift from using vCFs in cementitious composites
to incorporating rCFs recycled from the composite industry is driven by the pursuit of
sustainable development, addressing both economic and environmental aspects. Annual CFRP
waste from the aircraft and wind turbine industries is projected to exceed 840 thousand tonnes,
posing a substantial environmental burden due to the non-biodegradable nature of these
composites [19, 22]. Currently, researchers are dedicated to developing a closed-loop cycle for
CFRP composites, with various fibre recovery methods emerging as promising solutions [21,
55]. Although reclaimed CFs cannot fully maintain their original properties and dimensions like
VCFs, they can retain up to 90% of their original mechanical properties when recycled using
the proper method [21, 54]. The cost savings of 30% to 40% when using rCFs compared to
vCFs are also valuable [36], illustrating that rCFs present great opportunities for reuse or

repurposing in other applications beyond their original use.

While previous studies have shown the potential of using rCFs in cementitious
composites, research gaps remain. Specifically, further investigation is needed into the self-
sensing capabilities of cement-based sensors incorporating CFRP waste. Additionally, research
on the effects of temperature, humidity and corrosion on the electrical properties and
piezoresistivity of these composites is still limited [56]. In this regard, this study mainly
investigates the electrical and self-sensing performance of cement-based mortars with different
types of CF and CFRP waste. The effects of varying dosages of fillers, curing age, humidity
and temperature variation on the electrical resistivity of cementitious composites were
investigated. A micro-scale investigation was also conducted based on a scanning electron

microscope (SEM). The self-sensing abilities (piezoresistivity) of cementitious composites
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incorporating CFRP recyclates were studied at different humidities. Additionally, to assess the
impact of chloride ingress and corrosion, the specimens were retested under cyclic loading after
exposure to an accelerated corrosion environment in sodium chloride solutions.
6.3.3 Materials and experimental methodologies
6.3.3.1 Raw materials

General purpose (GP) cement and dried sand, which conformed to AS3972 [57] and
AS3700 [58], respectively, served as binder material and fine aggregate in the experiments. The
main physical and chemical properties are shown in Table 6-5.

Table 6-5. Properties of mortar raw materials.

Proportion  Specific

Chemical Entity Particle Size (um)

(%) Gravity
Dried Sand Crystalline silica (Quartz) > 95 2.7 90% finer than 576
GP Cement Portland clinker <97 3.0-32 90% finer than 42.4
Gypsum (CaS04.2H20) 2-5
Limestone (CaCQs) 0-75
Calcium oxide 0-1

Three types of CF and CFRP were used as carbon-based fillers in the cementitious matrix.
Virgin CF offcuts with a diameter of 8um and a length of 6mm (VCF) were chopped from the
fabric reinforcement in the laboratory (Figure 6-10 (a)). Two types of CFRP recyclates (RCF
and CFRP) were chemically and mechanically recycled from the CFRP composite individually.
RCF was reclaimed from 2-ply thin CFRP composites using 98% sulfuric acid recycling and
reused as 6 and 10 mm-long fibres (Figure 6-10 (b)). CFRP was recycled through a two-step
mechanical recycling method from the CFRP composite waste, sourced from aeroplane
components (Figure 6-10 (c)). The electrical resistivity of CF typically ranges from 2 to 20
uQ.m, while the electrical properties of CFRP composites largely depend on measurement
direction, spanning from 0.022 to 310 mQ.m [59]. Before mixing carbon-based fillers into
cement paste, electrical resistance was measured for short CF bundles. The electrical resistance
was 4 Q/mm for RCF and 1.1 Q/mm for VCF. CFRP composites were milled into a powder
form. Instead of measuring the electrical resistance of the composite, they were considered as

a mixture of conductive short CFs and non-conductive polymer matrix debris.
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Figure 6-10. SEM images of the carbon-based fillers used in the mix.
6.3.3.2 Mix design and specimen preparation

The composite mix was formulated based on a binder-to-fine aggregate-to-water ratio of
1:1.5:0.55, consistent with the author's previous work [19]. A plain mortar without additives
was prepared as a reference (REF). Each carbon-based filler was evaluated at three different
dosages, covering a range from low to high concentrations. These dosage ranges were selected
based on a review of the literature, where similar studies have reported optimal performance
within these parameters. Specifically, VCF and RCF were added at 0.1%, 0.5% and 1.0% by
volume of the mortar, while CFRP (rCFRP in Table 6-6) were used to replace cement at 1%,

5% and 10% by mass. In total, ten mortar mixes were prepared, as detailed in Table 6-6.

The mortar specimen preparation process with various fillers is as follows: First, the
cement and carbon-based fillers were dry mixed at low speed for three minutes using a
laboratory mortar mixer to achieve a homogeneous dry blend. Fine aggregates and water were
gradually and separately added to the mix in two stages; then, the materials were mixed for an
additional five minutes, starting at a low speed and then increasing to high speed, until visual
inspection confirmed a uniform consistency. The mixer was then stopped for one minute, during
which the mixer head was lifted, and the sides of the bowl and paddle were scraped down. The
mixing cycle was recommenced for 2 minutes at low speed, after which the mixer was stopped
for the final time. Immediately afterwards, a flow table test was performed to determine the
consistency and flowability of the fresh mortar. The mixture was then cast into moulds for
different tests: 50x50x50 mm?3 for compressive strength and 40x40x160 mm3 for electrical
resistivity and cyclic piezoresistivity measurements. The fresh paste was poured into the moulds
in two layers, and then the moulds were placed on a vibration table for 30 seconds to facilitate
mortar compaction and eliminate air entrapment. After 24 hours, the specimens were demolded
and cured under standard laboratory conditions at 23 °C, wrapped in damp cloths, and sealed

with impermeable plastic sheeting until testing.

Table 6-6. Mix proportions of cementitious composites (kg/m?3).
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Fine Carbon-based Fillers

Mixture Cement Aggregate Water VCE CF (CERP
REF - - -
VCF-1 1.8 - -
VCF-2 9 - -
VCF-3 726 399.3 18 - -
RCF-1 1088 - 1.8 -
RCF-2 - 9 -
RCF-3 - 18 -
CFRP-1 718.7 395.3 - - 7.3
CFRP-2 689.7 379.3 - - 36.3
CFRP-3 653.4 359.4 - - 72.6

6.3.3.3 Experimental methods

Flow table and Compressive testing

To evaluate the fresh and physical properties of cementitious composites with varying
carbon-based fillers, flow table and bulk density tests were performed according to BS EN
1015-6 and 1015-3 [60, 61], respectively. Two measurements were taken for each mix. The
compressive strength tests were conducted on 50x50x50 mm?3 specimens after 28 days of
curing, in accordance with the standard ASTM C109/C109M [62]. Three specimens per mixture
were tested, and the average results were calculated. Compressive strength tests were carried
out using an MTS Sintech 65/G machine equipped with a 300 kN load cell, applying a loading
rate of 0.5 mm/min until failure. In addition, water absorption was determined by measuring
the difference between the immersed mass and the saturated surface-dry mass of the 50x50x50
mm?3 specimens, in accordance with ASTM C948-81[63].

Microstructure

The surface morphology of cementitious mortars containing carbon-based fillers was
examined by an SEM (Zeiss ULTRA Plus) at an acceleration voltage of 10 kV with the SE2
detector employed. For the non-conductive cement-based samples (approximately 5-10 mm in
size), a 10 nm gold coating was applied to the surface before scanning to minimise charging

effects and enhance imaging quality [1].
Electrical resistivity and Piezoresistivity measurement

As shown in Figure 6-11, a four-electrode configuration was employed to measure the

electrical resistivity and piezoresistivity of the 40x40x160 mm?3 specimens [64]. Four stainless
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steel mesh pieces (40x50 mm?2, with 2 mm openings) were embedded along the length of each
sample, with an interval distance of 40 mm between them, during casting. To investigate the
effect of various conditions on the electrical resistivity of cementitious composites, including
different carbon-based fillers, the resistivity of the specimens was measured and analysed
individually at different curing ages, drying conditions, and temperatures. A direct current (DC)
power supply (RS-6005P) was used to apply the current through the samples, providing a
maximum voltage of 60 V to accommodate the diverse resistive characteristics of the
specimens. Voltage was applied to the outer electrodes, while the corresponding current was
simultaneously measured by a datalogging multimeter (Model UT181A). The resistivity (p)
was then determined by applying the measured voltage and current values to Equation 6-9,

derived from Ohm's law.

=X 6-9
IL

where V is the voltage measured across the inner electrodes, A is the cross-sectional area

of the specimen, | is the current flowing through the specimen, and L is the distance between

the inner electrodes.

The piezoresistivity was assessed under cyclic loading using an MTS 810 testing
machine. To examine the effects of two different humidity levels (90% and 30%) on the
piezoresistive properties of the cementitious composites, the specimens were conditioned in a
humidity chamber at a controlled temperature of 23°C with the required humidity for two weeks
prior to testing. The tests started at higher humidity levels and then moved to lower levels. Also,
to investigate the impact of corrosion on the self-sensing properties, the piezoresistivity was
measured after exposure to an accelerated corrosion process with a constant impressed current
(3.125 A/m2) for 6 hours, simulating 15 years of natural corrosion. The methodology simulates
15 years of corrosion by calculating the total electrical charge passed through specimens, which
corresponds to the anticipated corrosion effects under aggressive environmental conditions.
During the process, specimens were completely immersed in a 3.5% NaCl-simulated marine
environment [65]. The maximum load of the dynamic testing was controlled at approximately
30% of the specimens' ultimate compressive strength, with a loading frequency of 0.01 Hz. A
total of five cycles of loading and unloading were performed. The specimen configuration and
experimental setup are illustrated in Figure 6-11. The fractional change in resistivity (FCR) is
calculated using Equation 6-10, which quantifies the deviation from the initial resistivity value

as a function of the applied load over time.
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FCR = 2 6-10
Po

where p, represents the initial resistivity, serving as a baseline or reference point against
which changes are evaluated, and p; represents the measured resistivity at a specific time t
under a certain loading. FCR provides the change in resistivity as a percentage of the initial
value, with a larger FCR indicating greater sensitivity to changing conditions. A digital image
correlation (DIC) system was implemented to measure precise surface deformation and strain
changes at a higher resolution. A Canon EOS 6D Mark Il camera, equipped with an EF 24-
105mm lens, was used to capture surface patterns (white speckles on a black background) at
regular intervals of 3 seconds throughout the loading process [66, 67]. Strain sensitivity (gauge
factor, GF) and stress sensitivity (SS) were calculated as the ratios of FCR to strain or stress,

respectively.
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Figure 6-11. Experiment setup: cyclic piezoresistivity testing using an MTS 810 testing
machine.

6.3.4 Results and discussion
6.3.4.1 Characterisation of carbon-based fillers

Carbon-based fillers were examined both physically and chemically prior to their
incorporation into cementitious materials to understand their properties and differences. As
shown in Figure 6-12 (a), grooves were clearly shown on the RCF surface, possibly due to the
sulfuric acid etching, while resin debris remained in certain areas after recycling. In addition, a
small amount of sulfate could be detected in the Energy Dispersive Spectroscopy (EDS)
mapping, which came from the solvent used in the solvolysis recycling process. Figure 6-12 (b)
shows the CFRP recyclates consisting of short CF and smaller resin particles. Some residual
resin matrix was also observed on the surface of the CF after mechanical recycling. The size

distribution of CFRP was tested with a Matersizer, as shown in Figure 6-12 (c). The peak near
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8 microns represents the CF diameter, and a second peak was found around 500 microns. It was
also noticed that 50% of the particle sizes were smaller than 306pum and the specific surface

area was 328.5 m?/kg.

The surface roughness detected using atomic force microscopy (AFM) indicates a
sequence of surface roughness from high to low as VCF, RCF, and CFRP (Figure 6-13). The
surface of VCF exhibited distinct grooves along the fibre direction caused by the wet-spinning
process during manufacturing. Both RCF and CFRP showed residual epoxy after recycling,
with RCF exhibiting more bumps. The recycled CFRP from the aeroplane components contains
a different type of CF with a flat surface. Figure 6-13 (c) only scanned a random CF surface
from CFRP recyclates. However, there is CFRP epoxy debris with irregular shapes that cannot
be fully captured by AFM.
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Figure 6-12. SEM-EDS mapping of (a) RCF and (b) CFRP; (c) The particle size distribution
curve of CFRP.
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Figure 6-13. AFM surface profile of CFs: (a) VCF; (b) RCF; (c) CFRP.

X-ray Photoelectron Spectroscopy (XPS) analysis was performed on both VCF and RCF

with a spot size of 400um. The primary elements detected on the surface of VCF were carbon
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(66%), oxygen (20%), and silica (14%). Carbon was the dominant element on the surface of
both virgin and recycled CF. In contrast, RCF showed the addition of sulfate (7%) and nitrogen
(3%), as well as an increased oxygen content (30%) on its surface with a higher oxygen-to-
carbon ratio. This reflected the impact of the chemical recycling process, which introduced
more oxygen-containing functional groups to the surface of CF (Figure 6-14 (d)). The amount
of C=0/C-0 functional groups rose to 24% in RCFRCF, compared to only 17% on the surface
of VCF. The C1s high-resolution XPS spectra also revealed a notable chemical shift in the
functional groups between VCF and RCF.
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Figure 6-14. CF surface chemistry using XPS Survey and C1s high-resolution XPS spectra of
(a) VCF and (b) RCF.

6.3.4.2 Flowability, compressive strength and water absorption

Figure 6- 15 (a) illustrates the change of fresh properties with the inclusion of different
carbon-based fillers and their comparison with the REF mortar. The incorporation of CFs
notably reduced the flowability and density of the fresh cementitious composites as CF’s
content increased. The flow values decreased to as low as 156 mm for the VCF group, which
was mainly due to the fibre conglomeration and air entrapment. This was also affirmed by the
visual observation Figure 6- 15 (b). The surface of REF mortar appeared smooth and flowable,
while the VCF-1 and VCF-3 gradually showed a rougher surface with visible entangled fibres.
In comparison, the RCF group exhibited slightly improved flowability than the VCF group.
This could be due to the smoother surface, as demonstrated by the AFM detection (Figure 6-
13). The rCF surface treatment with sulfuric acid not only removed the epoxy resin from CFRP
but also enhanced the hydrophilic polarity and wettability of the CF surface. Similar claims

have been made by other researchers [36, 68, 69]. The flowability of all CFRP specimens was
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comparable to that of the REF mortar, with a slight improvement. Milled CFRP particles filled
the voids between larger particles, improving the particle packing density and reducing the
inter-particle friction, particularly with the smaller particles with smooth surfaces. Compared
to the REF, the partial replacement of cement with CFRP particles reduced the fresh density as
the content increased. CFRP recyclates consisted of both CF and polymer matrix, which had a

lower specific gravity compared to cement.
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Figure 6- 15. (a) Effect of carbon-based fillers on flowability and fresh density of
cementitious composites; (b) Photos of flow table testing of fresh pastes.
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Figure 6-16 shows the change in water absorption and compressive strength at 28 days
with the inclusion of different carbon-based fillers, compared to the REF. Water absorption,
which indicates the composite's capacity to uptake water through its porosity, demonstrated an
inverse relationship with compressive strength in both VCF and RCF. Porosity is a critical
factor as it greatly influences mechanical properties, with voids acting as potential crack
initiation sites that reduce mortar strength [11]. VCF-3 showed higher compressive strength,
demonstrating a 15% increase compared to the REF. Similarly, RCF-1 also displayed improved
compressive strength with an 11% increase compared to the REF. While the inclusion of CFs
increased porosity by creating an extra Interfacial Transition Zone (ITZ) within the matrix, fibre
reinforcement helped prevent microcrack formation through chemical reactions or mechanical
interlocking between the CF surface and the cementitious matrix. Based on the surface
characterisation of CF, vCF exhibited high roughness due to sizing and distinct grooves on its
surface, which facilitated better mechanical interlocking within the matrix. In contrast, rCF
showed a smoother surface after sulfuric acid treatment, which also introduced more oxygen-
containing functional groups, potentially enhancing the interfacial bonding between rCF and
the matrix (see Figure 6-13 and Figure 6-14). An increase in water absorption was also observed
with higher dosages of rCF (RCF-2 and RCF-3), accompanied by a decrease in compressive

strength. This might be due to the longer length of rCF compared to vCF, as the curvature and
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fluffy nature of rCF after recycling make size control difficult. Additionally, the strength of rCF
might be diminished after chemical treatment, as surface damage can occur.

In the CFRP group, the compressive strength of CFRP-1 specimens at 28 days exhibited
the highest value, with a 67% increase compared to the REF. CFRP recyclates primarily
contributed to the filling effect, where fine particles filled voids between larger ones, reducing
pore volume in the matrix [19, 70]. Smaller CFRP particles enhanced packing and particle
distribution, creating nucleation sites for hydration products. Additionally, the reinforcing
effect of microfibres in the matrix further contributed to the overall improvement in
compressive strength. However, substituting larger quantities of cement with rCFRP negatively
affected the hydration process, decreasing compressive strength.
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Figure 6-16. Effect of carbon-based fillers on compressive strength and water absorption of
cementitious composites.

6.3.4.3 Microstructure

CF can reinforce the cementitious matrix by bridging microcracks, thereby slowing down
and arresting crack growth. When microcracks develop, the embedded CFs act as barriers,
distributing tensile stress throughout the matrix. This mechanism prevents cracks from
widening or propagating further, which could finally lead to failure. Compared to the dominant
microcrack in the REF plain mortar (see Figure 6-17 (a)), smaller microcracks were distributed
over a larger area within the matrix, interacting with the CFs, as indicated by the yellow dashed
lines in Figure 6-17 (b) and (c). This stress transfer was facilitated by the bond between the CFs
and the cementitious matrix, allowing the CFs to take over the load that the cracked matrix can
no longer bear. As a result, CFs not only delay the initiation of cracks but also enhance the
strength and ductility of the cementitious composites by preventing the development of larger,

critical cracks. The failure mechanisms observed include fibre pullout and fibre breakage as

Chapter 6: Electrochemical and Piezoresistive Properties of Cementitious Composites Incorporating Pulverised CFRP Waste
and Reclaimed CF 310



shown in Figure 6-17 (c) and (f), in both the cementitious composites containing rCFs and
CFRP recyclates. Figure 6-17 (d) shows the hydration products on the rCF surface, indicating
a chemical reaction between the rCF surface and the surrounding cementitious matrix. This
enhanced the interfacial bonding between CF and matrix, improving the load transfer
mechanism at the fibre-matrix interface. Consequently, this strengthened interaction led to the
better mechanical performance of the resulting composites. In contrast, the clustering of fibres
was also observed in the matrix (Figure 6-17 (e)) due to the non-uniform distribution of CFs.
Fibre clustering could cause adverse effects, such as trapping air and preventing proper packing
of particles around the CFs, leading to the formation of porosity. This clustering also hindered
stress transfer and weakened the bond between the CFs and the matrix, reducing the
cementitious composite's ability to arrest cracks and resulting in inconsistent mechanical

properties.

(d) and (e) RCF; and (f) CFRP; (g) and (h) CF conductive network including fibre-to-fibre
contacts and fibre bridging within the matrix.
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6.3.4:4 'E'ffect of curing age, drying condition and temperature on electrical
resistivity

As shown in Figure 6-18, incorporating both virgin and recycled fibres reduced the
resistivity of cementitious composites (VCF and RCF groups). These highly conductive carbon-
based fibrous fillers could form conductive networks within the matrix, resulting in a significant
decline in resistance. The SEM images showed evidence of CFs contacting each other, thereby
forming a conductive pathway (Figure 6-17 (g)). Proper entanglement of fibres at junction
points could enhance the conductivity. Additionally, CFs within the cementitious matrix could
span across cracks or voids, not only providing reinforcement but also bridging matrix
discontinuities (voids and microcracks) to form new conductive pathways (Figure 6-17 (h)).
Lower resistivity was observed, particularly at higher CF dosages of 0.5 vol.% and 1.0 vol.%.
Doubling the dosage at this stage resulted in only a slight improvement in resistivity (See VCF-
2 and VCF-3; RCF-2 and RCF-3), indicating that a sufficient network had already formed. At
low CF concentrations of 0.1 vol.%, CFs are widely spaced, preventing electrons from crossing
the potential barriers between them. Thus, CFs had limited functions in reducing the resistivity
of the cementitious composite by lapping with each other. In contrast, the CFRP group exhibited
a slightly higher electrical resistivity than the REF. rCFRP particles contained in this mixture
could denser the microstructure and reduce the total porosity, which reduced the impact of free
water. Due to mechanical recycling, the micro-CFs had lower aspect ratios and were
incorporated with non-conductive polymer particles in the mixture, making it challenging to

decrease the overall resistivity.

Figure 6-18 (a) displays the changes in electrical resistivity affected by the curing ages.
At the early stage of 7 days, the pore network was saturated with free water, facilitating ionic
conduction and resulting in relatively low electrical resistivity. As hydration progresses and
water content decreases, the formation of a denser microstructure within the mixture reduces
matrix porosity, thereby increasing resistivity. Electrical resistivity gradually increased from 7
to 14 days, and the highest resistivity was observed in all specimens at a curing age of 28 days.
The electrical resistivity of REF was about 55,000 Q.mm. The effect of humidity on the
electrical resistivity of cementitious composites was also investigated, as shown in Figure 6-18
(b). During the drying process from 90% to 30% humidity, the electrical resistivity of specimens
REF, VCF-1, RCF-1, and the CFRP group increased remarkably, whereas specimens with
higher amounts of CFs (VCF-2, VCF-3, RCF-2 and RCF-3) either decreased or stayed nearly

unchanged. The former specimens relied more on the impact of ionic conduction, with moisture
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and free water acting as carriers for ionic diffusion. Consequently, the loss of moisture led to a
significant increase in resistivity. In contrast, electrical conductivity was predominantly
governed by CF contact conductivity for the latter specimens. Due to less moisture, the hydro-
ion conduction gradually weakened and transitioned to tunnel-effect conduction, facilitated by

the CFs bridging the material. Therefore, it was less impacted by the drying conditions.

Surface properties of rCF could also impact the electronic conduction of CFs. The
decreased degree of graphitisation of the CF surface worsened the conductivity of the
cementitious composite, while increased roughness could improve the conductivity [36]. The
rCF exhibited a lower degree of graphitisation than the vCF, indicating increased surface
imperfections. Therefore, incorporating rCFs resulted in higher resistivity. Figure 6-18 (a) and
(b) clearly show that RCF-3, with a higher dosage of 1.0 vol.% rCF, exhibited greater resistivity
compared to the specimen containing VCF-3. The lower surface roughness of rCF compared to
VCF (as shown in Figure 6-13) further supports the observation that reduced surface roughness

can enhance resistivity.
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Figure 6-18. The effect of (a) curing age and (b) humidity on the electrical resistivity of
cementitious composites containing different carbon-based fillers.
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The electrical resistivity of the cementitious composite was influenced by temperature
variations, which caused expansion and shrinkage of the fibre-matrix interface and conductive
network within the specimens, as well as affecting electron movement and ion mobility through
the material. Five specimens (REF, VCF-1, VCF-3, RCF-1, CFRP-3) were selected in this
experiment, altering their temperature from 22°C to 50°C, and simultaneously measuring their
FCR. Figure 6-19 illustrates the variation in electrical resistivity in response to temperature
changes. The moisture level remained constant during the temperature variation experiment, as
changes in moisture may also affect FCR variations. The specimens were maintained at the
same temperature for 15 to 20 minutes to ensure uniform temperature distribution throughout
the specimens. The behaviours of four specimens were consistent, with FCR decreasing as
temperature increased. This trend indicated a clear temperature dependency in these
cementitious composites. At higher temperatures, the thermal energy of electrons and the
Kinetic energy of ions increase, thereby improving the overall conductivity. Notably, CFRP-3
containing 10 wt.% CFRP replacement exhibited the highest temperature dependency among
the five specimens. However, RCF-1 containing 0.1 vol.% rCF exhibited a different behaviour,
where FCR remained stable with a slight increase. While the rCF enhanced resistivity stability,
which is beneficial for the consistency and reliability of the cementitious material’s self-sensing
capabilities, the underlying mechanisms behind this effect could be attributed to various factors,
including rCF surface modifications, fibre-matrix interfacial properties and conduction
mechanisms. This phenomenon suggests that the rCF-incorporated specimens exhibited less
dependence on thermal energy for charge carrier mobility. rCF might be degraded due to the
sulfuric recycling process, which involves physical etching, a decreased degree of
graphitisation, and surface chemical changes, consequently affecting the electrical properties.
The rCF might enhance interaction with the cementitious matrix due to the oxygen-containing
functional groups present on the surface, thus improving the bonding strength and potentially
decreasing the resistivity of the fibre-matrix interface. However, the results suggest that there
might be fewer direct fibre-to-fibre contacts in RCF-1, causing a loss of the primary conductive

pathways present in the other specimens.
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Figure 6-19. Effect of temperature variation on FCR.

6.3.4.5 Piezoresistive response with humidity levels

Based on our preliminary trial test, four mixes (REF, VCF-3, RCF-2, and CFRP-3) were
selected for continuous piezoresistivity/self-sensing testing under different humidity and
corrosion conditions [71]. For simplification, they were also labelled as REF, VCF, RCF, and
CFRP to represent each type. Figure 6-20 displays the piezoresistive performance of these
specimens at two different humidity levels, each subjected to five loading and unloading cycles.
The left axis represents the cyclic stress, which is approximately 30% of the ultimate strength,
indicating it is within the elastic range. The right axis shows the FCR%, representing the
measured resistivity compared to the initial resistivity in percentage.

In each mix, the transmission of both ions and electrons can induce piezoresistive changes
in plain mortar and those with carbon-based fillers. During each loading cycle, electrical
resistivity decreases as the load increases and behaves oppositely during unloading. It is also
known that plain cement paste is inherently self-sensing without the addition of conductive
fillers [46]. The interconnected pores contain ionic liquid, which facilitates ionic conduction
within the cementitious matrix. Besides the major ionic conduction, electrical conduction also
takes place through the gel, gel-water, and unreacted cement particles. As shown in Figure 6-
20 (a), the cyclic loading altered the microstructure of plain mortar. During loading, the micro
voids in the matrix were compressed, narrowing the ionic pathways and reducing the air gaps,
which enhanced ion transport and improved electrical conductivity. The opposite behaviour
occurs during unloading. The resistivity change of REF was less sensitive at lower humidity
(30%) compared to the higher humidity environment (90%). As the plain mortar without
conductive fillers largely depended on ionic conduction, the lack of moisture significantly
limited its self-sensing ability. Apart from this general pattern, some fluctuations were also

observed during maximum compression and zero load, as circled in yellow. It is also possible
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that initial bond microcracks formed at the interface between the fibre and matrix, or between
the aggregate and matrix, under maximum compressive force, potentially disrupting existing
conductive pathways [72]. This disruption hinders the flow of ions, leading to an increase in
resistivity [73]. Shoulder peaks were observed during the unloading process, indicating a
reduction in resistivity. This phenomenon suggests a competition between network breakdown
and reconstruction within the conductive network during deformation, which is related to the
material’s viscoelasticity [74]. Similar behaviour was also observed in the other four

cementitious composite specimens.
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Figure 6-20. Piezoresistive behaviour of plain mortar and cementitious composites with
varying fillers under 90% and 30% humidity conditions.

Due to the electronic nature of conduction in CFs, changes in the electrical resistivity of
these cementitious composites containing conductive carbon-based fillers were primarily
attributed to variations in electronic conduction [75]. These changes were related to the contact
interface between CF and the cementitious matrix, as well as the spatial proximity between the
CFs. When the specimen was subjected to a compression load, the distance between adjacent
fibres decreased, thus reducing the resistivity. Conversely, the slight pullout of crack-bridging
fibres during crack opening led to an increase in contact electrical resistivity at the fibre-matrix
interface [76]. VCF and RCF displayed certain piezoresistive properties, but their electrical
resistivity response to the cyclic load was not stable (Figure 6-20 (b) & (c)). Although the FCR
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under 30% humidity exhibited some repetitiveness compared to the 90% humidity condition,
the impact of free water ions on the microstructure was evident. These ions interfered with
electronic conduction across the CF and matrix interface during the dynamic process. As
previously reported by the authors [11], fibre-reinforced cementitious composites exhibited
higher porosity compared to plain mortar. This can be attributed to the presence of additional
interfacial transition zones between the fibre and matrix, as well as the increased occurrence of
air entrainment during the mixing process. Higher porosity and small void channels along the
fibre direction within the matrix created more opportunities for water ions to penetrate. In
addition, it also allows for nearby pore solutions to come into contact and separate, leading to
more frequent and noticeable changes in conductivity [77]. The fluctuations in resistivity over
time when a DC current is applied can also be attributed to the polarisation effect in pore
solutions, where ions move within the electric field until the electrical potential balance is
achieved [77, 78]. Higher porosity in fibre-reinforced cementitious composites generally
amplifies these effects. In addition, as circled in yellow, when the maximum compressive stress
was reached, the buckling (reduction in straightness) of CFs resulted in an irreversible increase

in resistivity [79].

In contrast, CFRP containing CFRP composite powder exhibited a stable electrical
resistivity response under dynamic cyclic loading (Figure 6-20 (d)). The sensitivity of this type
of cementitious composite strongly relied on a stable conductive network formed by
mechanically recycled short CFs instead of ionic conductive pathways, making it much less
sensitive to ionic interference. This characteristic is unique and beneficial to the self-sensing
ability, enhancing the reliability of the structure’s monitoring system. Environmental factors
such as relative humidity can affect the concrete or cementitious composite structure, which
impacts ionic conduction within the interconnected pores. For self-sensing materials,
conductivity should be stable and insensitive to the change of internal pore solution to reduce

any interference and enhance their ability to detect changes in stress and strain.

Among the four specimens, it is evident that the plain mortar and the cementitious
composite containing CFRP recyclates exhibited a more stable and consistent resistivity change
in response to cyclic stress under both high and low humidity conditions, as shown in Figure 6-
20. To compare REF and CFRP and quantify their stress and strain sensing capacities, the
average gauge factor (GF) and stress sensitivity (SS) were calculated using the middle four
completed loading-unloading cycles, excluding any uncertain behaviour at the start and end of

the test. The strain was measured from the central surface area using DIC detection, which
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provides a more precise measurement of length changes compared to the crosshead movement
of the loading machine. Figure 6-21 shows the FCR per stress and strain at 90% humidity. REF
exhibited both higher stress sensitivity of 0.4%/MPa and a gauge factor of 12.75 compared to
CFRP (average SS = 0.29%/MPa and GF = 9.20). After drying, as shown in Figure 6-22, REF's
stress and strain sensitivities significantly decreased, while the piezoresistive response of the
CFRP specimen strengthened. Previous research has demonstrated that incorporating different
carbon-based conductive fillers into cementitious composites could lead to distinct
piezoresistive behaviours. For instance, the cement pastes incorporating graphene oxide could
have a maximum SS of 0.31%/MPa and a GF of 21.86 [80]. The addition of carbon black
particles also showed promise for the sensing purposes of cement-based composites, with an
SS of 0.29%/MPa and GF of 30 [81]. In some cases, the highest piezoresistive parameters, with
a GF of 1415 and an SS of 0.68%/MPa, were reported in a combination mix containing 4 wt.%
gasification char and 0.2 vol.% rCF [12]. The review study by Chung [82] stated that in the dry
state, the GF of cement-based materials containing CFs ranges from 265 to 285. In this study,
the cementitious composite containing CFRP recyclates demonstrated comparable self-sensing
ability for both strain and stress, particularly in a low humidity environment (an average SS of
0.42%/MPa and an average GF of 17.50). Peak values reached 5.69%/MPa for SS and 395.80
for GF. It also exhibited repeatability and high accuracy, with a higher coefficient of

determination, as shown in Figure 6-22 (b) and (d).
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Figure 6-21. Stress sensitivity and gauge factor of REF and CFRP under 90% humidity.
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Figure 6-22. Stress sensitivity and gauge factor of REF and CFRP under 30% humidity.

6.3.4.6 Piezoresistive response after corrosion

To evaluate the impact of chloride ingress and corrosion on the piezoresistive
performance of these composites, the same specimens were subjected to an accelerated
corrosion process. Their resistivity change response to loading was then investigated after
simulating 15 years of corrosion in a marine environment. Corrosion significantly alters the
microstructure of steel-embedded cementitious composites, both chemically and physically. As
illustrated in Figure 6-23, immersion of specimens in NaCl solution can lead to a reduction in
calcium hydroxide (Ca(OH).) content. Once the Ca(OH); is depleted, portlandite leaching
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occurs, causing decalcification of the calcium silicate hydrate (CSH) gel [83, 84]. Moreover,
NaCl and soluble CaCl> can react with tricalcium aluminate (C3A) in the cement paste to form
chloroaluminate crystals. These crystalline formations may induce micro-cracks, potentially
reducing the material's mechanical strength [85, 86]. On the other hand, if chloride ions
penetrate and reach the steel mesh, they disrupt the passive oxide layer, initiating corrosion and
rust formation. The resulting rust expands, which can further cause internal pressure and cracks
in the cementitious matrix. Corrosion products observed in Figure 6-23 were initiated from the
embedded steel mesh and progressively expanded onto the specimen surface, further assisting
the understanding of the actual corrosion status. Due to the higher pore volume, the void
channels in VCF and RCF provided more pathways and opportunities for aggressive ions and
moisture to reach the steel mesh. The inclusion of CFs also reduced electron transfer resistance
by forming a conductive network. Besides, the galvanic coupling between CFs and steel may
have accelerated corrosion. In comparison, CFRP with a denser microstructure demonstrated
long-term corrosion resistance with stable performance, followed by REF.
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Figure 6-23. Corrosion process of steel embedded in cementitious composite immersed in
NaCl solution.

The piezoresistive behaviour of plain mortar and cementitious composites after corrosion
is shown in Figure 6-24. To prevent specimen failure during dynamic testing, the maximum
load was limited to 20% of the ultimate compressive strength of the uncorroded specimens.
This precaution was taken to account for potential decreases in strength due to corrosion
impacts. After immersion in the 3.5% NaCl solution and the application of a constant imposed
current for acceleration, the penetrated water and NaCl significantly enhanced ionic conduction.
In the plain mortar, ionic conductivity was the primary electrical conduction mechanism, which
contributed to its inherent piezoresistive response, as shown in Figure 6-24 (a). The VCF
specimen exhibited a clear resistivity change in response to load variations, with a higher FCR
amplitude observed, due to the introduction of more free ions. On the other hand, the presence
of solution at the fibre-matrix interface potentially reduced the effective contact area between
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fibres and the cementitious matrix. These solution-filled regions might not contribute to the
overall piezoresistive behaviour of the cementitious composite. After corrosion, more cracks
might occur in the matrix simultaneously. Thus, the piezoresistive performance of VCF was
noticeable but not stable after immersion in the NaCl solution (Figure 6-24 (b)). As discussed
in the sections above, acid recycling might adversely impact the rCF’s surface and electrical
properties. Additionally, fewer primary CF-to-CF conductive pathways might be present.
Consequently, the piezoresistive behaviour of RCF after corrosion was worse than that of VCF
(Figure 6-24 (c)). As expected, the specimen containing CFRP recyclates exhibited consistent
and reproducible piezoresistive performance, primarily due to conductive pathways formed by
CFs and its denser microstructure, although the maximum FCR value was reduced (Figure 6-
24 (d)). The higher volume of micro-CFs contributed to maintaining a more stable electrical

network, free from ion interruptions, and effectively bridging cracks.

The cement-based sensor incorporated with conductive fillers can be considered as a
mixed conductor with both electronic and ionic conductivity [82, 87]. The primary tunnelling
effect enables self-sensing in piezoresistive cement-based sensors [88]. Mechanical strain
changes the distance between conductive phases, directly affecting tunnelling conductivity.
Under uniaxial compressive loading, the conductive fillers in the cement-based composite
move closer together. This proximity facilitates electrical current flow, thereby reducing the
material's resistivity [87]. Slight fibre pullout may also contribute to the rise in resistivity due
to increased interfacial resistance [82]. Nevertheless, piezoresistivity can be affected by various
factors, such as the types of matrix and fillers, their interactions, and environmental conditions.
In this work, the piezoresistivity of cementitious composites incorporating rCF and rCFRP
under different humidity and chloride-induced corrosion environments was explored. The
higher porosity in the cementitious composites introduces void channels that allow more water
ions to migrate and interfere with electronic conduction at the fibre-matrix interface, especially
in high humidity environments. It was also reported that moisture significantly degrades strain
sensing performance and affects the repeatability and stability of piezoresistivity [82]. This is
attributed to the polarisation effects related to ion movement, which result in fluctuations in
resistivity. Additionally, chloride-induced corrosion introduces mechanisms that influence
piezoresistivity, including microstructural changes and steel corrosion impacts. Although the
introduction of free ions enhances the magnitude of the resistivity change, the chlorides reacting
with hydration products lead to the degradation of the cement matrix, where microcracks can

disrupt conductive pathways. Overall, the cementitious composite with CFRP recyclates and a
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denser microstructure showed more stable electronically conductive networks with minimised
effects from ionic interference.
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Figure 6-24. Piezoresistive behaviour of plain mortar and cementitious composites with
carbon-based fillers after corrosion (under 90% humidity).

6.3.5 Summary of key findings from Section 6.3

This study experimentally investigated the electrical properties and piezoresistivity of
cementitious composites incorporating rCF and rCFRP by examining parameters including
filler dosages, curing age, temperature, humidity, and chloride-induced corrosion environment.
The surface morphology, roughness, and chemical composition of these carbon-based
recyclates were characterised using microstructural analysis techniques prior to incorporation.
Meanwhile, the fresh properties, compressive strength, and water absorption of the resulting
composites were evaluated to better understand the material properties. Based on the
experimental results and microstructural evidence, the main conclusions and findings are

summarised as follows:

e Both the flow table measurements and virtual observation indicated that the addition of
CFs to the cementitious matrix caused fibre conglomeration and air entrapment, leading
to void formation. This was further evidenced by the higher percentage of water
absorption compared to plain mortar. While CF-incorporated cementitious composites

reduced electrical resistivity and exhibited certain piezoresistive properties, their
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electrical resistivity response to cyclic loading remained unstable. lon interference with
electronic conduction at the fibre-matrix interface, combined with higher porosity in
these composites, contributed to the observed instability in resistivity under dynamic

conditions.

e In comparison, incorporating rCFRP further improved flowability and reduced water
absorption through optimised particle packing density and minimised inter-particle
friction. Although this slightly increased the electrical resistivity of cementitious
composite, rCFRP-incorporated cementitious composites demonstrated consistent and
repeatable piezoresistive behaviour in both high and low-humidity environments.
Notably, they achieved an average stress sensitivity of 0.42%/MPa and a gauge factor
of 17.50, with peak values of 5.69%/MPa (SS) and 395.80 (GF) under a 30% humidity

condition.

e Cementitious composites with a higher dosage of CFs (0.5 vol.% and 1.0 vol.%) showed
less sensitivity to humidity changes, as their conductivity was primarily governed by
CF contact networks. In terms of temperature effects, cementitious composites with
rCFRP exhibited the highest temperature dependency, whereas those with rCF remained

stable, showing only a slight resistivity increase.

e Although the maximum FCR of the rCFRP-incorporated specimen decreased after
chloride-induced corrosion, its behaviour remained stable due to a well-distributed
conductive network and dense microstructure. This minimised interference from
chemicals and pore solutions, enhancing the material's ability to detect changes in stress

and strain through electronic conduction.

This utilisation of CFRP waste into cementitious materials without further treatment
highlights their potential as innovative cement-based sensors. The effectiveness of their self-
sensing ability under various conditions, even in aggressive environments, was confirmed. In
addition, recycling CF or CFRP waste into cementitious composites also provided promising
mechanical properties. This approach offers a sustainable and efficient solution for SHM in the

construction industry.
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6.4 CONCLUSION

This chapter demonstrated the feasibility of repurposing CFRP and CF recyclates to
enhance the self-sensing capabilities of cement-based sensors for SHM under varying
environmental conditions, including chloride-induced corrosion. Both CFRP and CF recyclates
enhanced electrical conductivity of CCs, forming conductive networks that facilitated strain
and stress sensing. The experimental findings showed that CFRP recyclates allowed for a stable
and responsive self-sensing mechanism. Furthermore, electrochemical analyses confirmed the
long-term stability of rCFRP incorporated CCs in aggressive marine conditions. While CF
offcuts enhanced conductivity, their higher porosity led to increased corrosion susceptibility.
Chemically rCFs exhibited slightly better corrosion resistance than vCFs. Detailed key findings
have been summarised in sections 6.2.6 and 6.3.5. This study underscores the potential of CFRP
recyclates as a sustainable solution for developing durable and cement-based sensors. This
incorporation offers a cost-effective and environmentally friendly approach to SHM even in

diverse environment conditions.
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Chapter 7: Conclusions and Future Directions

7.1 CONCLUSIONS

Incorporating FRP composite waste into CCs provides an alternative pathway for
managing wastes from the manufacturing process and EoL products. This approach addresses
the significant waste management challenges posed by unsustainable practices, which can lead
to negative environmental and ecosystem impacts. By recycling and incorporating FRP waste
into the cementitious matrix, this approach delivers an effective, economical, and low-energy
solution for resource repurposing. This thesis confirms the feasibility of repurposing various
FRP wastes into cementitious matrices, evaluates their impact on the multifaceted performance
of the resulting CCs, and proposes innovative strategies to enhance their functionality. These
contributions collectively advance the field. This research work consists of literature reviews,
experiments and numerical analyses. Based on the findings presented throughout this research,

several key conclusions can be drawn from each chapter.

Chapter 2 laid the foundation through a comprehensive review of current FRP recycling
methods and the feasibility of incorporating FRP waste into CCs. It focused on summarising
existing research on the recycling and repurposing of GFRP and CFRP wastes in CCs,
highlighting both the opportunities and challenges in this emerging field. The review began by
introducing current FRP composite recycling methods and highlighted the need for developing
sustainable waste management strategies. Repurposing FRP waste into CCs was then
introduced as a promising alternative. Given that the optimum size and dosage of different
forms of FRP waste incorporation are still under investigation, comprehensive analyses were
conducted on the influences of various FRP waste on CCs with respect to fresh, mechanical and
durability properties. Then the effects of different dosages of FRP recyclates with various
replacement forms and sizes on CC performance were discussed and analysed. These
investigations provided insights from past studies and offered valuable conclusions and
recommendations for this research. While fresh and mechanical properties were primarily
studied, limited research has been conducted on durability and internal structural
characteristics. In addition, the effects of incorporating different types of FRP waste might vary
depending on the specific case, while the practical challenges of repurposing real industrial FRP
waste should be addressed. The review also presented the outcomes of CBA and BCR

evaluations comparing commonly used FRP recycling methods, using GFRP as a case study.
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The results demonstrated that repurposing rGFRP in concrete could reduce total investment
requirements while increasing net profit. It highlighted that with proper design, the repurposing
approach could benefit from sustainable practices, economic advantages, and improved

performance of the resulting CCs.

To address the limitations of the conventional NDT methods, self-sensing concrete, also
known as smart concrete, has emerged as an innovative SHM solution for civil infrastructure.
To provide a better understanding of cement-based sensors, this chapter provides a systematic
review with a focus on their mechanisms, materials, fabrication and measurement methods, as
well as functional properties. The electrical resistivity and piezoresistivity of CCs with short
CFs were discussed. While previous research has investigated the self-sensing capacities of
cement-based sensors with various carbon-based fillers, few studies have incorporated CFRP
and CF recyclates for this purpose. Through detailed examination, the influences of CF and
CFRP recyclates on the self-sensing capacities of CCs were evaluated. Their effectiveness
largely depended on various factors, including but not limited to the properties and
concentrations of the fillers, filler dispersion, curing conditions, and external environmental
conditions. Furthermore, this chapter also provided a comprehensive review of current fibre
surface modification strategies aiming at enhancing FRCC performance. To achieve this, the
interface and bonding mechanisms between CF and the cementitious matrix were first
examined, as this is fundamental for developing and optimising modification strategies. Based
on this understanding, different surface modification strategies were introduced, along with the
evaluation techniques used to assess their effectiveness in improving the overall performance
of FRCC. The limitations of conventional methods including cost, complexity, environmental
impact, and compatibility issues, were then discussed. To overcome these challenges, this
review underscored the need for more efficient, cost-effective, and sustainable alternatives.
Through the literature review in Chapter 2, critical research gaps were identified, and the
subsequent chapters addressed these challenges by conducting numerical and experimental

research.

This thesis explored the repurposing of both fibre offcuts and FRP composite product
waste into CCs, with materials sourced from both manufacturing processes and the end of their
service life. Chapter 3 primarily focused on the incorporation of short CFs and GFs into CCs,
commonly referred to as FRCCs. To address the research gap of limited examination on the
durability and internal structural characterisations, the study first employed micro-CT analysis

to analyse void geometry and distribution of FRCCs with 0.1 vol% to 0.5 vol% CFs and GFs,
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and evaluated their impacts on multifaceted properties, including mechanical, durability, and
electrical performance. The study also evaluated the effects of acid diffusion on these CCs
through both experiments and finite element simulations. The findings demonstrated that the
inclusion of short fibres increased air void content in the matrix, ranging from 6.26% to 8.94%,
leading to reduced mechanical strength and durability performance. As fibres were
incorporated, elongated voids formed around them, with a higher occurrence of elongated voids
observed in specimens with CFs. The incorporation of both fibres remarkably limited drying
shrinkage, primarily attributed to the bridging and bonding effects of fibres within the matrix.
The addition of 1.0 vol% CFs significantly decreased the electrical resistivity and improved
acid resistance performance, demonstrating the potential multifunctional benefits of CF offcuts

incorporation.

To further enhance the NDT approach for examining the internal structure of FRCCs for
quality assurance, the study in Chapter 3 also investigated the capacities of both micro-CT and
UT to characterise CF and void features in the FRCCs. While Isotropic Gaussian blur and
smoothing were successfully utilised for void detection, an Anisotropic Gaussian filtering
technique was developed specifically for CF detection within the cementitious matrix. This new
method was proposed to overcome the challenges of low-contrast and noisy images. A
comparative study was conducted to quantitatively evaluate the segmentation accuracy among
conventional methods using various performance metrics. The results consistently showed that
the proposed approach achieved high accuracy and sharp boundary detection between CF and
matrix, and a greater alignment with the ground truth, compared to the other methods. Despite
the high-resolution 3D imaging capabilities of micro-CT, which include examining the spatial
positions and dimensions of features, its limitations - such as high cost and unsuitability for
field applications - were acknowledged. Instead, the application of the TFM ultrasonic
technique provides an efficient and fast alternative for detecting these features in the
cementitious matrix using the 1D ultrasonic phased array. Through a comparative analysis of
these two NDT methods in characterising CF distribution and voids across various scales, the
post-processed TFM image demonstrated high accuracy in detecting CF features embedded
deeper within the matrix. The best performance was observed with a 3.26% error for the CF
bundle and a 0% error for the CF strip. Additionally, void features located at mid-depth were
detected with greater reliability.

As demonstrated in Chapter 3, incorporating short CFs into cementitious composites CCs

enhanced multiple properties, including flexural strength and acid resistance. The study also
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employed advanced NDT methods to assess internal structures, which are critical to FRCC
performance and quality assurance. However, characterisation revealed the formation of
elongated voids and heterogeneous internal structures, which potentially compromised
mechanical integrity and long-term durability. These issues were primarily linked to the
hydrophobicity and chemical inertness of CFs, resulting in poor dispersion and weak fibre-

matrix bonding.

To overcome the hydrophobic nature of the CF surface and facilitate better fibre
dispersion and stronger fibre-matrix interfacial bonding, novel fibre surface modification
techniques were proposed in Chapter 4 to improve FRCC performance. These treatments aimed
to overcome CF hydrophobicity, improve dispersion, and strengthen fibre-matrix bonding,
ultimately enhancing the overall performance of FRCCs. Bio-based surface treatments have
been developed as sustainable alternatives to conventional aggressive chemical treatments.
Electrochemical grafting methods demonstrated in-situ efficacy and suitability for industrial
continuous processing. To characterise CF alterations after treatment, surface morphology
analysis, chemical characterisation, and single-fibre tensile testing were conducted. The
improved compressive and flexural strength and interaction mechanisms of treated CFs within
the cementitious matrix were assessed through mechanical testing, complemented by SEM and
EDS analysis. The outcomes showed that both treatments were effective in introducing
additional functional groups to the CF surface, increasing surface roughness and maintaining
high tensile properties of CFs. For bio-based surface modifications, the co-deposition of tannic
acid (TA) with ethanolamine formed a polymeric layer, while citric acid (CA) treatment created
an irregular surface texture with ester groups through esterification reactions. During the in situ
electrochemical grafting treatments, CFs were modified with hydroxyl (OH) and amine (NH2)
groups. Functional groups on the CF surface enhanced chemical adhesion through calcium and
aluminium ion chemisorption, hydrogen bonding, and covalent interactions with C-S-H gels.
The increased surface roughness improved mechanical interlocking and provided nucleation
sites for hydration product deposition, further strengthening the CF-cementitious matrix
interface. As a result, all treatments demonstrated their potential for improving FRCC
performance, with the best results observed in the FRCC specimens incorporating OH-
functionalised CFs and TA-modified CFs. Using the optimised combination of 0.1 vol% and
12mm CFs, OH-functionalised CFs improved FRCC compressive and flexural strengths by
32.30% and 21.04%, while TA-modified CFs enhanced these properties by 30.11% and

32.11%, respectively, compared to plain mortar.
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Chapter 5 extended the scope of this research by shifting from laboratory-prepared fibre
offcuts to real-world FRP composite waste sourced from local industries. While Chapter 3
demonstrated the potential of short CFs and GFs as viable reinforcements in CCs, this chapter
successfully addressed the practical challenges of managing and repurposing actual industrial
FRP waste. To this end, a two-step mechanical recycling process was developed to convert
these waste materials into usable forms for CCs, offering a scalable and sustainable solution for
composite waste management. Previous studies on the performance of CCs with FRP recyclates
have shown contradictory results due to size effects and the diverse composition of waste
composites from different sources. To address this, the current experimental work investigated
the feasibility of repurposing waste GFRP EoL electrical crossarms and CFRP offcut panels
from aerospace manufacturing on a case-by-case basis and determined the optimised
combination. Firstly, in order to understand the properties of waste materials before
incorporation, particle size distribution, chemical and mineralogical composition, and
mechanical performance of the FRP composite were analysed. Subsequently, without resin
removal, pulverised FRP recyclates were used as partial cement replacements in mortar at levels
ranging from 1 wt.% to 10 wt.%. From the physical and mechanical evaluations of CCs, fresh
and bulk densities decreased in all specimens with FRP recyclates due to their lightweight
nature, while GFRP recyclates with lower surface area increased flow values. Compressive
strength showed an inverse relationship with increasing FRP content, while flexural strength
and ductility improved with higher FRP replacement. At 28 days, the incorporation of FRP
recyclates reduced water absorption by 19% and significantly improved mechanical
performance, with compressive strength increasing by up to 67% and flexural strength by up to
43%. Tiny FRP particles enhanced microstructural density and reduced porosity through the
filling effect. The microstructural analysis also confirmed the fibre-reinforcing effect, which
enhanced CC’s mechanical performance. In addition, microfibres also mitigated drying
shrinkage, with the greatest reduction observed at 5 wt.% recyclates. Although the reduction in
electrical resistivity of CC with rCFRP incorporation was less significant than with CFs, CFRP

recyclates still offer potential for applications in SHM, as further explored in Chapter 6.

Building on the material innovations and repurposing strategies developed in Chapters 3
to 5, Chapter 6 explored the functionalisation of CCs for SHM applications. The successful
integration of recycled fibres and FRP waste into cementitious composites laid the groundwork
for investigating their added value in functional roles. This chapter shifts attention to the self-

sensing potential of cement-based composites incorporating conductive fillers derived from
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FRP waste. For the first time, the viability of using CFRP and CF recyclates to enhance
electrical and piezoresistive performance under varying environmental conditions, including
temperature, humidity, and chloride-induced corrosion, is assessed. Various forms of
recyclates, including vCF, chemically treated rCF offcuts, and pulverised CFRP waste, were
characterised and integrated into cement-based sensors. Based on the previous findings, these
recyclates were incorporated as additional reinforcement or partial cement replacement, with
the design considering both mechanical strength and electrical properties. To address the
research gap in self-sensing performance under aggressive environments and provide a better
understanding of the corrosion behaviour of CCs with embedded reinforcement, a simulated
marine environment with an impressed current was designed to accelerate corrosion and
examine the electrochemical performance of the specimens. The corrosion of stainless-steel
mesh was both observed visually and monitored using linear polarisation resistance (LPR) and
Electrochemical Impedance Spectroscopy (EIS) techniques, with equivalent circuits developed
to model the electrochemical system. The results confirmed that the optimal mix design for
corrosion resistance incorporated 10 wt.% CFRP recyclates. This mix resulted in a 43%
reduction in corrosion rate and a 32% increase in polarisation resistance compared to control
specimens without additives, after 15 simulated years. EIS investigations also confirmed its
enhanced long-term stability in corrosion resistance. The inclusion of CF offcuts improved
conductivity but increased corrosion rates due to higher porosity, which facilitated ion
penetration and reduced electron transfer resistance. Specimens with chemically rCFs exhibited
slightly better corrosion resistance than those with vCFs. The findings confirmed that the
incorporation of CFRP recyclates was effective and sustainable for CCs even in harsh marine

environments.

Based on the understanding of the impact of different FRP recyclates on the corrosion
behaviours of CCs, the study in Chapter 6 then evaluated their effect on the electrical resistivity
and piezoresistivity under varying conditions, including temperatures ranging from 22°C to
50°C, humidity levels between 30% and 90%, and accelerated chloride-induced corrosion
exposure. Experiments were conducted under cyclic loading, with resistivity simultaneously
measured using a multimetre. The results showed that while CFRP recyclates increased CC’s
electrical resistivity compared to CFs, they provided more consistent and repeatable
piezoresistive behaviour under varying humidity conditions. Specimens with CFRP recyclates
achieved an average stress sensitivity of 0.42%/MPa and a gauge factor of 17.50, with peak
values reaching 5.69%/MPa and 395.80 under 30% humidity. Higher CF dosages (0.5-1.0
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vol.%) reduced humidity sensitivity due to conductivity governed by CF contact networks.
Regarding temperature effects, CCs incorporated with CFRP recyclates exhibited the highest
temperature dependency, whereas the specimens with rCFs remained stable with minimal
resistivity changes. Despite a decrease in maximum FCR after chloride-induced corrosion,
specimens with CFRP recyclates maintained stability due to a well-distributed conductive
network and dense microstructure which minimised chemical interference and enhanced stress
and strain detection. This research further confirmed that incorporating CFRP waste into CCs
offers a promising approach for developing innovative self-sensing sensors with effective and
stable piezoresistivity, even in aggressive environments, while preserving desirable mechanical

properties.

To this end, this thesis explores innovative repurposing strategies for incorporating
various FRP composite wastes into CCs. By integrating both fibre offcuts and EoL product
wastes from different stages of the composite life cycle, this research presents a sustainable
solution for waste management while enhancing the performance of the resulting CCs. The
proposed approach also offers an economical and energy-efficient alternative to conventional
resource utilisation, promoting circularity in construction materials. The findings highlight the
benefits of incorporating these recyclates to improve the physical, mechanical and durability
performance of CCs under diverse environmental conditions. Beyond structural enhancements,
this research also contributes to the advancement of multifunctional CCs using FRP recyclates,
in the development of self-sensing sensors for SHM. It not only promotes greener infrastructure
but also paves the way for the development of smart and sustainable building systems. The
outcomes of this thesis provide valuable insights, serving as a foundational study for future
research while also offering a practical guideline for the adoption of FRP waste in the

construction industry.

7.2 FUTURE DIRECTIONS

The following recommendations can be made for future research:

e This research utilised micro-CT to analyse air void dimensions and eccentricity
distribution in FRCCs. However, resolution limitations and sample size constraints
prevented the detection of sub-micron or smaller voids. Future studies should use
higher-resolution micro-CT systems or optimise sample size to provide a more

detailed and accurate characterisation of the entire pore system. Additionally, future
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research could conduct porosity analysis during and after acid attack to understand its
degradation progression, as well as investigate the local stress distribution around

elongated voids and its impact on FRCC’s mechanical performance.

e This research confirmed the effectiveness of the newly developed Anisotropic
Gaussian filtering in detecting the orientation, dimensions, and spatial location of CF
features within the cementitious matrix. Ongoing research should continue working
on enhancing the detection of discrete CFs using this technique, as accurate fibre
distribution analysis is crucial for evaluating FRCC performance.

e The feasibility of the TFM ultrasonic technique for detecting internal features in
FRCCs using a 1D phased array was evaluated. However, challenges remained, such
as limited resolution for small defects, interference from direct waves, and a low
signal-to-noise ratio for deeper features. This application requires further refinement,
including advancements in signal processing, deep learning integration, and improved
focusing or signal compensation techniques to enhance imaging quality and the
detection of deep defects. Continued exploration should focus on adopting a 3D TFM
approach to achieve more comprehensive and accurate internal feature identification

in cementitious materials.

e Both bio-based and electrochemical CF surface modifications represent innovative
and sustainable ways for enhancing the performance of FRCCs. Current experiments
utilising bio-based chemicals for CF surface modification have been conducted
primarily at laboratory scale. Future research should focus on scaling bio-based
methods for industrial applications and quantifying their sustainability benefits in
construction contexts. In terms of in situ electrochemical grafting techniques, it is
recommended to perform life cycle and cost benefit analyses to further emphasise
their sustainability benefits, economic advantages, and market competitiveness

compared to the other CF surface modification methods for construction industry.

e Repurposing FRP composite waste from diverse industrial sectors remains an ongoing
research priority for developing greener construction materials. Future examination
of CCs incorporating FRP recyclates is necessary to conduct more durability studies,
such as sulfate attack resistance and carbonation resistance, to assess their long-term

performance. Additionally, optimising rFRP content and mix design for various
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applications can further enhance material performance and maximise repurposing

efficiency.
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