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Abstract

The mechanical stability of mine backfill materials is crucial for the safety of mining
personnel and production efficiency. When placed into mined-out voids, known as stopes,
mine backfill materials are required to provide reliable secondary ground support, which
is subjected to finite deformation loading, especially in deep mines. However, due to the
quasi-brittle characteristics of cemented paste backfill (CPB), these materials possess
very limited post-peak resistance. Enhancing the post-peak engineering performance of
CPB is achievable through natural fiber reinforcement techniques. In this study, hemp
fibers were selected for their abundant availability in Canada. To investigate their
effectiveness in terms of fiber reinforcement, four different fiber lengths (5mm, 10mm,
20mm, and 30mm) and four fiber contents (0.25wt%, 0.5wt%, 1wt%, and 1.5wt%) were
employed to prepare the natural fiber-reinforced CPB (NFR-CPB). A series of mechanical
tests, including semicircular bend (SCB) tests and end-notched disc bend (ENDB) tests,
along with scanning electron microscope (SEM) observations, were conducted on NFR-
CPB and control CPB (without fiber reinforcement) at 7 days, 28 days, and 90 days. The
results revealed that hemp fiber reinforcement can influence pre-peak behavior and
effectively enhance post-peak resistance. Additionally, the results showed that increasing
the hemp fiber content and length improved the fracture energy, ductility, and fracture
toughness of NFR-CPB. Therefore, the proposed hemp fiber reinforcement approach can

be considered a promising method for CPB technology in deep mining applications.
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Chapter 1 Introduction

11  Background

Cement-based materials, including cemented soil, concrete, and cemented paste backfill
(CPB), are widely used in construction and mining. After extracting all the mineral ore
from an underground site, CPB fills the resulting voids, known as stopes, providing
essential support to the surrounding rock structure (Yilmaz, E., 2017). The remaining
stopes must be filled using backfiling once the target mineral has been extracted
underground. CPB, a mixture comprising approximately 85% waste mine tailings, up to
7% binder, and water, is extensively used for its numerous advantages (Yilmaz et al.,
2011). Firstly, CPB significantly reduces the potential for environmental contamination
associated with the surface storage of waste mine tailings (Sanchez et al, 2019). By
incorporating tailings into the backfill material, CPB minimizes the size of tailings ponds,
thus providing substantial economic benefits. Secondly, CPB uses a considerably lower
amount of cement binder than traditional concrete. Traditional concrete typically contains
around 20% binder, whereas CPB uses only 3-7% (Benzaazoua et al., 2017). This
reduction in binder usage is economically advantageous, as the binder is one of the most
expensive components in mining operations. Finally, CPB offers superior stability benefits
over other backfill methods. Unlike loosely placed rock backfill, which relies on
containment by surrounding rock walls, CPB forms a cohesive mass that enhances the
structural integrity of the stope. As CPB must support the surrounding rock mass (Cui &
Fall, 2016; Ghirian et al., 2016), it is commonly subjected to compressive loading. Once
cured, it experiences complex loading conditions due to the surrounding masses and
forces induced by ongoing mining operations, such as equipment usage and blasting.
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The brittle nature of CPB poses significant challenges for its application. This inherent
brittleness, coupled with the complex loading conditions, significantly increases the risk
of catastrophic failure. Therefore, it is crucial to develop methods to enhance the
implementation of CPB technology and reduce the likelihood of such failures. One
promising approach is incorporating fiber reinforcement, improving the material’'s
performance and stability under these demanding conditions. Figure 1.1 shows the
placement of CPB and the loading that is placed on the backfill material once poured into

the underground stope.

Paste discharge

Filled
stope

Rock pile
barricade

Figure 1.1. Loading conditions present in underground mining (Tikou et al, 2004).

Fiber-reinforced CPB (FR-CPB) is an improvement to conventional CPB. As the strain
energy is released from the CPB due to external loading, there is a complete release
along fracture planes within the body of the CPB. Once the interparticle matrix has broken,
the mechanical performance of CPB mass relies on the post-peak resistance. However,
the brittle response of CPB materials may cause catastrophic failure under in-situ loading
conditions due to its weak post-peak resistance. Adding fibers into the CPB matrix can

effectively prevent crack growth through their bridging effect, forming reliable post-peak

2



resistance to external loadings. This method can also improve the ductility of the CPB
body, enabling the backfill structure to accommodate finite deformation from the
surrounding rock mass. Thus, the risk of catastrophic failure is significantly reduced, and

the potential for improved ground monitoring of the CPB within the stope is increased.

1.2 Problem statement

Previous research has primarily concentrated on conventional geomechanical behaviors,
such as the compressive, tensile, and shear properties of CPB materials (Nasir et al.,
2008). Pan et al. (2021) found that higher binder content significantly enhances cohesion
and shear strength due to improved cementation. Increasing cement content in CPB
leads to higher stiffness and peak load but reduces displacement at peak load, indicating
a decrease in ductility (Yunpeng et al., 2024). While these materials are crucial for
structural support, they are prone to brittle failure, leading to sudden and catastrophic
collapses (Jafari et al., 2021). To address this vulnerability and improve stability in
underground mining, incorporating fiber reinforcement into CPB presents a promising
approach to reduce the risk of catastrophic failure. The fracture resistance of CPB,
encompassing tensile and shear properties, is critical for the stability of CPB structures.
Specifically, mode-I, mode-Il, and mode-lll fracture resistances play vital roles in ensuring
the reliability of CPB masses under varying field conditions. Mode-I resistance is crucial
for preventing crack propagation within the paste, especially in roof and wall areas where
tensile stresses are significant due to overburden pressure and excavation activities
(Fang et al., 2023). Mode-Il resistance is important along the stope walls to prevent sliding
or shearing failures caused by rock layer movement, geological faults, or stress

redistribution after ore extraction (Lou et al., 2021). Additionally, mode-Ill resistance is
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essential at the rock-CPB interface, where torsional stresses or twisting forces can
compromise the integrity of CPB structures, particularly in areas with uneven ground
settlement or seismic activity (Xiu et al., 2023). The complex, multi-directional loading
conditions in underground mining often result in the simultaneous development of tensile
and shear cracks within the CPB mass (Xiu et al., 2021). Therefore, to facilitate the
successful implementation of fiber reinforcement techniques in mine backfill operations,
it is of theoretical and practical importance to systematically investigate the fracture

behavior and properties of FR-CPB under tensile and shear loading conditions.

Apart from the mechanical performance of the backfill structure, economic performance
is another key design criterion of CPB technology. In this regard, natural fibers are
preferable to synthetic fibers due to their low environmental impact and economic benefits.
According to Khalid et al. (2021), natural fiber-reinforced polymer composites (NFRPCs)
offer eco-friendly, lightweight, biodegradable, and cost-effective solutions, making them
highly attractive for engineering applications. Vaisanen et al. (2017) further support this
by highlighting that natural fibers in polymers significantly offset the use of fossil fuels and
reduce greenhouse gas emissions, making them a sustainable choice for improving the
properties of composites. For example, hemp fiber, known for its high tensile strength,
availability, and environmental benefits, offers a sustainable alternative to synthetic fibers
(Elfordy et al., 2008; Li et al., 2006). Therefore, a systematic investigation into the fracture
behavior and properties of natural fiber-reinforced CPB (NFR-CPB) under mode-I, mode-
II, and mode-Ill conditions is crucial. No studies have been systematically designed to

explore the impact of hemp fiber content and length on the fracture behavior of CPB,



highlighting a significant gap in the research. Addressing this gap can contribute to more

sustainable and economically viable mining operations.

1.3

Research methodologies

This study employed extensive laboratory experiments to systematically investigate the

effects of hemp fiber content and length on fracture behavior and properties of NFR-CPB.

The methodologies utilized to achieve this goal are outlined below:

1.

3.

Conduct a comprehensive literature review to understand the current knowledge
on the mechanical behavior and material properties of cement-based materials
influenced by fiber reinforcement. Identify research gaps in the existing body of
knowledge, particularly related to the mechanical behavior and properties of FR-

CPB.

. Utilize semicircular bend (SCB) and end-notch disk bend (ENDB) tests to study

the fracture behavior of CPB and NFR-CPB specimens. Conduct tests at various
hemp fiber contents (0.25%, 0.5%, 1.0%, and 1.5%), lengths (5mm, 10mm, 20mm,
and 30mm), and curing times (7 days, 28 days, and 90 days) to reveal the
effectiveness of natural fiber reinforcement technique on the fracture response of
CPB under tensile and shear loading conditions.

Analyze the fracture behavior data to assess the impact of hemp fiber content and
length on fracture toughness, stiffness, and fracture energy.

Perform scanning electron microscope (SEM) analysis on the microstructure of
NFR-CPB specimens. Observe the formation of hydration products within the bulk
matrix and fiber-matrix interfacial transition zone. Correlate microstructural

changes with variations in mechanical behavior and material properties, facilitating
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the identification of mechanisms for the fiber reinforcement effect on the fracture

behavior and properties of CPB materials.

1.4 Thesis organization

The research presented in this study is organized into five chapters. Chapter 1 introduces
the fundamental information regarding CPB and FR-CPB technology, the problem
statement, research methodologies, and overall thesis organization. Chapter 2
summarizes the current state of knowledge from the literature review stage, identifying
research gaps and providing the theoretical foundation for the study. Chapter 3 details
the preparation of materials and the experimental equipment used in the research,
outlining the mechanical testing methods and microstructural observation employed to
analyze the material properties of control CPB without fibers and NFR-CPB. Chapter 4
presents a detailed breakdown of the results obtained from the experimental testing
program, covering mode-l, mode-Il, and mode-IlIl fracture behavior, and discusses the
evolution of fracture properties. Finally, Chapter 5 summarizes the findings based on the
obtained experimental results, concludes the research work, and provides
recommendations for future research to further understand the effects of hemp fiber on

NFR-CPB.



Chapter 2 Literature Review

2.1 Introduction

Fiber reinforcement is introduced to enhance the mechanical properties of cement-based
materials. Mitchell and Stone (1987) pioneered fiber reinforcement techniques in mine
backfill design to optimize cement usage and reduce costs. By increasing the tensile
strength and ductility of the backfill, they achieved the desired structural performance with
lower cement content. Including fibers helps bridge cracks, distribute stresses more
evenly, and improve the material's resistance to deformation and failure, mitigating
catastrophic failure risks. The mechanical behavior and properties of FR-CPB have been
extensively investigated. For example, Zhao et al. (2023) demonstrated that FR-CPB
specimens exhibited higher flexural strength, toughness, and post-peak deflection,
primarily due to the fiber bridging effect inhibiting crack expansion. Guowei et al. (2016)
utilized polypropylene (PP) FR-CPB samples to reduce brittleness, increase peak
compressive strength, and prevent crack propagation and elongation within the samples.
This approach significantly enhanced the backfill material's overall mechanical

performance and durability.

Fiber reinforcement significantly impacts the mechanical behavior of cement-based
materials. Incorporating fibers enhances compressive, tensile, and shear behavior and
the elastic modulus and strength. For instance, synthetic fibers such as PP enhance CPB
specimens' tensile strength and ductility primarily due to their ability to bridge cracks and
distribute stresses more effectively throughout the material (Chen et al., 2019). This

results in higher unconfined compressive strength (UCS), improved fracture toughness,



energy dissipation, and post-peak resistance (Jin et al., 2022). The interaction at the fiber-
CPB matrix interface, strengthened by cement hydration and matric suction, also
improves elastic modulus and hardening behavior over time (Libos et al., 2020).
Festugato et al. (2013) comprehensively analyzed the mechanical response of FR-CPB
under cyclic shearing. Their findings demonstrated that adding fibers significantly
improved the stiffness and hardness of the cemented material. The fibers acted as a
reinforcement mechanism, evenly distributing stress throughout the matrix and reducing
deformation during cyclic loading. Furthermore, Libos et al. (2021) investigated the impact
of curing temperature on PP FR-CPB's time-dependent shear behavior and properties.
The results indicated that higher curing temperatures enhance strain-hardening and
softening behaviors at early ages, while pre-peak strain hardening becomes less
noticeable at advanced ages. This study highlights the importance of considering thermal
factors in designing and applying FR-CPB in underground mining operations, suggesting
that warmer curing temperatures can improve the material's mechanical properties and
durability. Additionally, Park (2011) observed that adding PP fibers to cemented sand
significantly enhanced the material's reinforcing effect, with the improvement becoming
more pronounced as the fiber content increased. Furthermore, Hou et al. (2024)
demonstrated that incorporating fibers (polypropylene, basalt, and rice straw) into CPB
enhances its workability, strength, and microstructure while reducing costs. Including
fibers significantly reduces bleeding rates and setting times, with PP fiber showing the
most notable improvements. Simdes et al. (2017) investigated the effects of adding PP,
glass, and steel fibers to fiber-reinforced concrete matrices (FRCM). It was found that

increasing the fiber content generally enhances compressive strength, with steel fibers



showing the most significant improvement. The addition of fibers also influences bending
behavior, cracking loads, and ductility, with steel and PP fibers providing greater ductility

and energy absorption capacity than glass fibers, which exhibit more brittle behavior.

To ensure the effectiveness of the fiber reinforcement technique on cemented paste
backfill, it is crucial to understand the effects of fiber reinforcement on their mechanical
behavior and properties. Therefore, this literature review aims to summarize the effects
of fiber parameters, including fiber types, fiber length, and fiber content, on the
mechanical response and properties of cement-based materials. This review aims to
provide valuable reference information for the engineering design and application of FR-

CPB.

2.2 Effect of steel fibers on mechanical behaviors and properties of cement-

based materials

Steel fibers are commonly incorporated into cement-based materials to prevent brittle
failure and promote higher strain capacity (Prado et al., 2022). They offer excellent
resistance to cracking, enhance energy absorption, and significantly improve the
material's load-bearing capacity. Steel fibers are particularly effective in reinforcing
materials subjected to high tensile and shear stresses. Steel fibers significantly enhance
cement-based materials' compressive, tensile, and shear properties. Studies have shown
that including steel fibers increases compressive strength, reduces brittleness, and
enhances ductility. Steel fibers enhance shear strength and toughness in shear tests,
making the material more resistant to deformation and failure (Pakravana et al., 2017).
Incorporating strong and rigid fibers in mixed fiber reinforcements significantly enhances

cement-based materials' strength, while including low-modulus fibers improves their
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ductility and toughness (Figure 2.1). Regarding stress-strain behavior, Abbas et al. (2014)
found that steel fiber-reinforced materials exhibit higher peak stress and greater strain
capacity than non-rigid materials. Additionally, the bending resistance of concrete
reinforced with short steel fibers is superior to that of concrete reinforced with long steel

fibers (Figure 2.2).
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Figure 2.1. Load-deflection curves for high-strength flowing concrete reinforced with hybrid Steel/Palm

Fibers (Pakravana et al., 2017).
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Figure 2.2. Typical load-deflection curve for 3% steel fiber content (Abbas et al. 2014).
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Factors such as fiber content and fiber length are crucial in determining the extent of
these improvements. Ponikiewski et al. (2014) used X-ray computed tomography to
analyze the distribution and spacing of air voids in beams with different volumes of two
types of crimped steel fibers. The findings reveal that fibers affect the air void distribution,
with notable differences between fiber types and content levels. Wu et al. (2016)
examined the effects of straight, corrugated, and hooked-end steel fibers on the
mechanical properties of ultra-high-performance concrete (UHPC). Results showed that
increased fiber content and the use of deformed fibers reduced flowability but significantly
enhanced compressive and flexural strengths. Dupont et al. (2005) presented a method
to predict the total number of steel fibers crossing a rectangular section, focusing primarily
on calculating an orientation factor. This factor is defined as the average length of the

projection of all fibers on the longitudinal axis divided by the fiber length.

Steel fibers significantly influence the mechanical properties of cement-based materials.
The elastic modulus, compressive strength, tensile strength, shear strength, and energy
dissipation capacity are all improved by adding steel fibers. For example, including steel
fibers in high-strength concrete (HSC) reduces the formation of isolated major cracks,
resulting in more uniform and controlled cracking under axial compression (Xie et al.,
2015). Additionally, the elastic modulus of concrete increases with the addition of steel
fibers (Zhang et al., 2021). For instance, the elastic modulus of concrete grades CF40,
CF50, and CF60 shows a clear upward trend with increasing steel fiber volume fractions

(Figure 2.3).
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Figure 2.3. The correlation between the elastic modulus of concrete and the content of steel fibers under

various concrete grades (Zhang et al., 2021).

Including fiber reinforcement significantly enhances the flexural tensile strength of UHPC
due to the fibers’ ability to inhibit crack propagation and enhance the ductility of the
concrete matrix (Sanya et al., 2023). Furthermore, HSC energy dissipation trends show
that specimens with steel fibers have significantly higher energy dissipation than those
with PP fiber or plain concrete (Guo et al., 2020). As the volume fraction of PP fiber
increases, energy dissipation decreases (Figure 2.4). These findings suggest that
incorporating steel fibers substantially enhances the dynamic splitting tensile toughness
of HSC, while PP fibers alone are less effective. Generally, flexural tensile strength
increases with higher fiber content. However, the tensile strength may decrease at high
fiber concentrations due to fiber agglomeration and entrapped air, which can negatively

affect the concrete matrix (Larsen et al., 2020).
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Figure 2.4. The energy dissipation characteristics of high-strength concrete (HSC) under dynamic splitting

tension vary with different fractions of steel and PP fibers (Guo et al., 2020).

2.3 Effect of synthetic fibers on mechanical behaviors and properties of

cement-based materials

Due to their advantageous properties, synthetic fibers, such as PP, nylon, and
polyethylene, are extensively used in cement-based materials. These fibers enhance
tensile strength, reducing cracking and improving the load-bearing capacity of
cementitious composites (Bentur et al., 2007). They also provide long-term durability and
resistance to environmental factors (Hannant, 1978). Additionally, synthetic fibers resist
chemical attacks, maintaining integrity in harsh conditions (Banthia & Gupta, 2006). Their
low density contributes to the composite materials’ overall weight reduction, and they are

often more economical than traditional reinforcement methods. These properties make
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synthetic fibers valuable additions to cement-based materials, significantly improving their

mechanical performance and longevity.

Synthetic fibers improve cement-based materials' compressive, tensile, and shear
behavior. This improvement is due to the fibers’ ability to distribute stress more evenly
within the concrete matrix and inhibit crack propagation, which leads to better
performance under tensile loads (Sun et al., 2024). Studies have demonstrated that
including PP fibers improves the material's overall toughness and resistance to dynamic
and static loads, enhancing its structural integrity and durability (Latifi et al., 2023). Kumar
et al. (2006) found that incorporating polyester fibers significantly enhanced highly
compressible clay's UCS. The strength increase ranged from 50-68% for 3 mm fibers to
over 100% for 6 mm and 12 mm fibers. The study demonstrated that the fibers effectively
improved the mechanical performance of the clay by reinforcing the soil matrix and evenly
distributing stress. The study conducted by Zhou et al. (2021) investigated the
improvement of mechanical properties in sand-based cemented backfill (SCB) by
incorporating glass fibers (GF) of various lengths and ratios. The experimental results
demonstrate that adding GF enhances the compressive, tensile, and shear strengths of
SCB, with optimal mechanical properties achieved using 6 mm fibers at a 1.0% ratio.
Specifically, GF increased the compressive strength by 23.7%, tensile strength by
181.2%, and shear strength by 59.7% compared to SCB without fibers. Zhu et al. (2021)
investigated the impact of glass fibers on the mechanical performance of shotcrete
material reinforced with doped glass fibers. Experimental results showed significant
improvements in tensile and shear strengths, with tensile strength increasing by up to

310% and shear strength by 596% when glass fibers were added. SEM analysis revealed

14



that the glass fibers intertwined and were tightly enveloped by the shotcrete material,
enhancing the overall integrity and mechanical strength. Zhu et al. (2021) also
investigated the impact of adding GF to sand-based cemented paste backfill (SCPB) used
in coal mining, showing that the fibers significantly enhance the early compressive
strength. Although the fibers reduce flowability, they create a reinforcing network,
increasing compressive strength by up to 679% at early curing stages. The strength
improvement stabilizes as curing progresses, highlighting the fibers’ role in early-stage
structural integrity. Although fibers can enhance the compactness of the CPB matrix, they
can also introduce weak structural surfaces, which may negatively impact the overall
strength of the CPB (Chen et al., 2020). As illustrated in Figure 2.5, increasing fiber
content length does not necessarily correlate with higher CPB strength. The CPB strength
varied with fiber parameters and curing ages. At 3 and 7 days, increasing fiber content
decreased UCS, while at 28 days, UCS increased with more fiber. A fiber content of 0.22
vol.% was optimal, and varying fiber length affected fiber number, contact area, and

distribution uniformity.

0.6 0.6
(a) -3 Days —+—7 Days —+—28 Days I (b) +—3 Days ——7 Days —+—28 Days
= =)
A 9
8 O aesannliie
! §</ >
0.2 0.2 - . . .
0.05 0.11 0.16 0.22 3 6 9 12
Fiber Content (Vol.%) Fiber Length (mm)

Figure 2.5. The effects of fiber parameters on UCS: (a) fiber content and (b) fiber length (Chen et al.,

2020).
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Synthetic fibers also enhance cement-based materials' elastic modulus, compressive
strength, tensile strength, shear strength, and energy dissipation capacity. Data figures
from published works demonstrate these improvements. Jin et al. (2022) found that higher
fiber contents and lengths generally result in better mechanical properties and increased
energy dissipation during loading. The peak strains of PP FR-CPB samples improved with
greater fiber contents within a certain range (Figure 2.6). The specimen without fiber
reaches its peak value at a strain of 1.01%. When 0.4% PP fiber is added, the strain of
the CPB specimen reaches a peak value of 2.14%. Incorporating fiber into the tailings
filling mixture improves the peak compressive strength and transforms brittle failure into
ductile failure. The samples exhibited strain-hardening properties as stress increased,
indicating that the specimen's strength increased under higher strain due to fiber
stretching. Similarly, Balagopal et al. (2022) reported that including synthetic fibers in
cementitious composites significantly enhanced their mechanical performance,
particularly under dynamic loading conditions. The fibers contributed to improved

toughness, ductility, and energy absorption, mitigating the risk of catastrophic failure.

1.2
L1
1.0 -

—N
—J-0.1
J-0.25

09 ——1J-04 :
~ 038 J-0.5
]
B 0.7 F .
= ‘

06|
w

Lost
04
03+
0.2
0.1}

&

138 194
L01 174 214 Peak strain/%
l i i ':\ 1 1
1 2 3 4 5
Strain(%)

0.0

Figure 2.6. Stress-strain curves of three-day curing PP FR-CTB (Jin et al., 2022).
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Xue et al. (2019) explored the impact of using PP, polyacrylonitrile, and GF at varying
contents. They found that PP fibers provided the highest strength increase (39.6% after
28 days) at an optimal 0.6% content, with similar trends for other fibers. FR-CPB showed
improved microstructural integrity and durability, reducing crack propagation. Xue et al.
(2020) investigated the effects of fiber length on the strength properties of PP FR-CPB
specimens of different sizes. They found that the peak and end strains of cubic specimens
were larger than those of cylindrical ones and that specimen size and fiber length
influenced the UCS. The optimal fiber length was 12 mm for smaller specimens, while
fibers with a length of 18 mm provided the best results for larger specimens. Longer fibers
improved the overall structural integrity under load but did not necessarily increase UCS.
Yin et al. (2021) investigated the effects of fiber lengths and dosages on cemented sulfur
tailings backfill (CSTB). Key findings show that the fluidity of CSTB slurry decreases with
added PP fibers, while compressive and tensile strengths peak at 12% sulfur content
before declining. Optimal fiber content at 0.6% significantly enhances compressive
strength. Fibers were found to reduce late-stage deterioration, with microstructural
analysis showing that they enhance load distribution and mechanical properties by
creating a spatial skeleton structure. Chen et al. (2023) investigated CPB's mechanical
properties and meso-structure characteristics reinforced with multi-size basalt fibers. The
research shows that incorporating basalt fibers enhances the compressive and splitting
tensile strengths of the CPB, with the optimal fiber blend and size ratio identified (Figure

2.7).
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Figure 2.7. The variation in mechanical strength with multi-size basalt fiber (BF) mixing is depicted in

terms of (a) compressive strength and (b) splitting tensile strength (Chen et al., 2023).

Wang et al. (2023) explored how basalt fibers affect CPB's mechanical properties, pore
structure, and damage characteristics. Adding basalt fibers increases micropores and
secondary pores while reducing macropores, which are significantly influenced by fiber
content. Basalt fibers enhance peak stress, strain, ductility, and bearing time, with optimal
fiber length and content at 12 mm and 1.5%. Additionally, FR-CPB exhibited slower-

spreading cracks than samples without fibers, which can help delay failure.

2.4  Effect of natural fibers on mechanical behaviors and properties of cement-

based materials

Natural fibers are gaining attention due to their environmental benefits, cost-
effectiveness, and mechanical properties. These fibers are renewable, biodegradable,
and can significantly enhance the mechanical properties of cement-based materials. For
instance, natural fibers such as hemp, jute, and coir have been shown to improve tensile
strength, impact resistance, and ductility in concrete composites, making them a viable
alternative to synthetic fibers (Yan et al., 2016). Moreover, the cost-performance ratio of

natural fibers is favorable, as they are often less expensive than synthetic fibers and can
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be sourced locally, reducing material costs and supporting sustainable construction
practices (Rocha et al., 2022). Synthetic FR-CPB has significant limitations, including high
cost and environmental impact (Yu et al., 2022). This cost reduction is particularly

advantageous in large-scale mining operations with substantial backfill material volume.

Natural fibers enhance the mechanical properties of cement-based materials, including
compressive, tensile, and shear behaviors. Previous studies have demonstrated that
incorporating natural fibers, such as hemp, significantly improves the tensile strength,
ductility, and fracture toughness of these materials (Summerscales et al., 2010). Natural
fibers like flax, hemp, and jute are increasingly used as cement composites due to their
low density, cost-effectiveness, recyclability, and biodegradability (John et al., 2010). The
biodegradability of natural fibers makes them environmentally friendly alternatives to
synthetic fibers, which are typically non-biodegradable and petroleum-based (Mohanty et
al., 2002). This shift towards natural fiber reinforcements supports sustainable
construction practices by reducing the carbon footprint and enhancing the performance
of cement-based composites. (Bittner et al., 2022). However, these fibers' high moisture
absorption leads to poor interfacial adhesion within the matrix. Natural fibers exhibit
varying mechanical properties based on the type of fiber and matrix, processing methods,
and treatment (Pickering et al., 2016). Kabir et al. (2011) examined how various fiber
surface modification methods, such as alkaline, silane, acetylation, benzoylation, and
peroxide treatments, improve the mechanical and thermal properties of composites by
enhancing fiber-matrix adhesion. It was found that these treatments are essential to
optimize the use of natural fibers in composite materials for better performance and

durability. Figure 2.8 demonstrates that natural fiber-reinforced materials exhibit
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significantly higher peak stress and greater strain capacity than non-reinforced materials,
indicating enhanced mechanical performance. Specifically, part (a) shows the UCS curve
of fiber-reinforced, solidified soil, where the residual resistance is notably higher, and part

(b) illustrates the tensile stress-strain curve of fiber-reinforced, solidified soil (Qiu et al.,

2024).
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Figure 2.8. (a) Unconfined compressive strength (UCS) curve of fiber-reinforced, solidified soil and (b)

Tensile stress-strain curve of fiber-reinforced, solidified soil

Zhou et al. (2017) investigated the engineering properties of hemp fiber-reinforced
concrete (HFRC) as a sustainable building material. By pre-treating hemp fibers with a
Ca(OH)2 solution, the mechanical properties of concrete, such as tensile and
compressive strength, fracture toughness, and ductility, were significantly enhanced. The
study found that treated hemp fibers improved the concrete's compressive strength by
10%, tensile strength by 16.9%, and fracture toughness by 7-13% compared to untreated
hemp fibers. Additionally, treated fibers increased surface roughness, improving fiber-
matrix bonding and resulting in less brittle and more durable concrete composites. Wang

et al. (2006) investigated the mechanical and physical properties of HFRC, focusing on
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variables like mixing method, fiber content, aggregate size, and fiber length. Results show
that compressive and flexural properties of HFRC can be modeled with simple empirical
linear expressions, with hemp fiber content being the most significant factor. Comak et al.
(2018) examined the impact of hemp fibers on the properties of cement-based mortars.
The study found that adding hemp fibers reduced workability but enhanced mechanical
properties, with 2-3% fiber content and 12 mm fiber length yielding optimal results. These
optimal conditions improved compressive strength, flexural strength, and splitting tensile
strength, while SEM analysis confirmed good adherence of hemp fibers to the cement
matrix. Ozodabas (2022) investigated the effects of hemp fibers and shives on the
characteristics of cementitious mortars, particularly aiming to enhance ductility and
toughness. The experimental results showed that hemp fibers improved the flexural
strength of the mortars, whereas hemp shives did not significantly affect flexural strength.
Zhou et al. (2016) investigated the impact resistance properties of HFRC. Hemp fibers of
10 mm and 20 mm lengths were incorporated into cementitious composites, and their
impact properties were tested at 7, 14, and 28 days using a drop weight impact test. The
results revealed that HFRC panels reinforced with 20 mm fibers exhibited higher impact
resistance, absorbed more impact energy, and required more impact blows to failure than
those with 10 mm fibers. The longer fibers were more effective in inhibiting micro-crack
growth and blunting their propagation, thus improving the composite's overall durability
and impact resistance. Li et al. (2006) investigated the impact of fiber content and fiber
length on HFRC performance. Results showed that fiber content up to 1.06% by weight
and fiber lengths of 10-30 mm optimally enhances flexural toughness and impact

resistance. However, increasing fiber content reduces compressive strength, indicating
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the need to balance these factors for optimal HFRC properties. Additionally, sisal fiber SF
reinforcement in cement-based composites significantly enhances fracture toughness,
flexural strength, and resistance to various stresses while being cost-effective and
environmentally friendly (Toledo et al. 1999). Ahmad et al. (2022) found that incorporating
SF improves tensile and flexural strengths, although it reduces the workability and
increases water absorption of concrete. Treatments like NaOH-clay enhance the fiber-
matrix interaction, improving performance and durability. Despite its benefits, concrete
density decreases with higher SF content, and the material exhibits increased water
absorption. Veigas et al. (2022) investigated SF as a sustainable alternative to synthetic
fibers in cementitious composites. Two coatings, polyester resin, and bio-based shellac,
were examined to address the potential degradability of SF. Various mixtures with different
dosages of uncoated and coated fibers were tested for compressive, splitting tensile, and
flexural strengths. Results showed notable improvements in tensile and flexural strengths,
with increases of 20% and 42%, respectively, compared to mixtures without fibers.
Weathering tests indicated that uncoated and shellac-coated fibers performed better
under wet/dry cycles, maintaining strong bonds with the cementitious matrix and avoiding
significant degradation. Additionally, sisal fibers effectively mitigated plastic shrinkage-
induced cracks, proving a viable alternative to synthetic fibers for high-performance
cementitious composites. Furthermore, (Li et al., 2022) demonstrated that adding rice
straw (RS) fibers significantly enhances the tensile strength of CPB, particularly in the
early stages of curing. The effects of RS fiber length and content on average peak strains
are shown in Figure 2.9. In part (a), the peak strain initially decreases and then increases

with rising RS fiber content at 3 and 28 days of curing, indicating an optimal fiber content
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that maximizes peak strain. Part (b) shows that peak strain increases with longer fibers,

then decreases, suggesting an optimal fiber length for enhanced peak strain at the same

curing ages.
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Figure 2.9. The influences of RS fiber on peak strain. (a) Average ¢ at different RS fiber contents and (b)

average ¢ at different RS fiber lengths (Li et al., 2022).

Chompoorat et al. (2023) examined how incorporating palm fibers into cement-treated
sand (CTS) enhances flexural performance and microstructure. The optimal flexural
performance was achieved with 1% fiber content and 40 mm fiber length, significantly
improving strength and ductility. Buathong et al. (2023) examined how palm fibers
enhance CTS's compressive strength and ductility. The findings indicate optimal fiber
reinforcement (1% content, 40 mm length) significantly improves peak strength and
toughness while reducing brittleness. The findings suggest that palm fiber-reinforced CTS
suits pavement structures due to its improved toughness, residual strength, and reduced
cracking. Ali et al. (2012) explored the potential of using coconut fibers as reinforcement
in concrete structures, especially in tropical earthquake regions. The findings reveal that

structures with 5 cm long fibers and 5% fiber content exhibit the greatest mechanical and
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dynamic properties, including increased compressive strength and toughness. However,

it results in a lower elasticity and density modulus than plain concrete.

Natural fibers also enhance cement-based materials' elastic modulus, compressive
strength, tensile strength, shear strength, and energy dissipation capacity. Data figures
from published works demonstrate these improvements. The higher fiber content and
length generally result in better mechanical properties and increased energy dissipation
during loading. A study by Ahmad et al. (2020) investigated the impact of incorporating
coconut fibers of different lengths and varying contents on the mechanical properties of
high-strength concrete (HSC). The research reveals that adding coconut fibers improves
the compressive, splitting tensile, and flexural strengths of HSC. The optimal combination
of 50 mm fiber length and 1.5% content by mass yields the best overall results (Figure
2.10), significantly enhancing energy absorption and toughness indices. Additionally, the
study employs SEM to analyze the microstructure of the reinforced concrete, showing

better bonding and reduced crack propagation due to the fiber addition.
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Figure 2.10. Stress-strain curves for HSC and coconut fiber-reinforced HSC with a fiber content of (a)

0.5%, (b) 1%, (c) 1.5%, and (d) 2% (Ahmad et al., 2020).
Furthermore, Ahmad et al. (2023) investigated the potential of bamboo fibers in concrete
reinforcement to enhance tensile and flexural capacities while reducing brittle failure.
Bamboo fibers improve impact resistance and performance at elevated temperatures but
increase water absorption, negatively impacting durability. Optimal fiber content should
be between 1-1.5% by weight of the binder for best results. Libre et al. (2023) also
investigated the mechanical properties and durability of cement composites reinforced
with bamboo fibers. Optimal results were found with 20 mm fibers at 1.4% loading, leading
to a 292.41% increase in compressive strength and a 355.82% increase in split tensile
strength compared to control samples. SEM analyses confirmed the microstructural
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improvements, with significant findings such as forming Si-O-C bonds and better bonding
between fibers and the matrix. The study concludes that bamboo fiber-reinforced cement
composites can significantly reduce the carbon footprint of construction materials while
providing enhanced mechanical properties suitable for plastering and retrofitting
applications. Jiao et al. (2016) investigated using natural cellulose nanofibers (CNFs) to
enhance the mechanical properties and sustainability of cement composites. The study
revealed that adding 0.15% CNFs by weight to cement paste increased flexural and
compressive strengths by 15% and 20%, respectively. This improvement is due to a
higher degree of hydration and a denser microstructure facilitated by CNFs, which
enhance the hydration process, reduce porosity, and improve bonding within the cement
matrix. Also, surface chemical modifications and proper dispersion techniques are
essential to improve compatibility with polymer matrices and achieve the desired

mechanical performance in the resulting nanocomposites (Dufresne, 2017).

2.5 Summary

Fiber reinforcement techniques significantly enhance the mechanical behavior and
properties of cement-based materials. Adding synthetic or natural fibers improves the
compressive, tensile, and shear strength and the elastic modulus and energy dissipation
capacity of these materials. Steel fibers, for instance, are well-known for their high tensile
strength and durability, which contribute to the improved structural integrity of concrete.
Synthetic fibers, such as polypropylene, offer benefits like reduced plastic shrinkage
cracking and increased impact resistance. Natural fibers provide a sustainable
alternative, enhancing mechanical properties while promoting environmental

sustainability.
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Fiber reinforcement holds substantial potential for CPB technology by improving
mechanical performance and structural reliability. Natural fibers present a promising
option due to their cost-effectiveness and environmental benefits. Hemp fibers, for
instance, are abundant, renewable, and biodegradable, making them an attractive choice
for sustainable construction practices. Their integration into CPB can potentially improve
the mechanical behavior and properties, such as the backfill material's material strength

and fracture toughness, addressing economic and environmental concerns.

Despite the recognized benefits of fiber reinforcement, synthetic fibers in CPB have
limitations, including higher costs and environmental impacts. This study seeks to
overcome these challenges by investigating the use of natural fibers, specifically hemp,
to enhance the mechanical properties of CPB. The primary objectives are to examine the
effects of varying hemp fiber content and fiber length on CPB's fracture behavior, fracture
properties, and microstructure. By exploring these factors, the study aims to fill the
existing research gap and provide valuable insights into the practical application of hemp

fibers in CPB materials, promoting sustainability and performance improvements.
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Chapter 3 Experimental Testing Program

3.1 Materials

Tailings are fine-grained residues that remain after extracting valuable minerals from ore.
These residues consist of crushed rock and processing fluids, often containing various
minerals and chemicals used during extraction (Blowes et al., 1991). Artificial non-acid-
generating tailings, precisely ground silica (manufacturer: US SILICA), were utilized to
prepare the NFR-CPB mixture due to their consistent quality (99.5% SiO2). Ground silica,
predominantly composed of quartz, is a significant byproduct extracted from hard rock
mines, where the primary focus is often on mining valuable ores such as gold, copper,
and nickel. Unlike natural tailings, which often contain sulfide or other reactive minerals
(Gou et al., 2019), ground silica tailings' mineral and chemical compositions are closely
controlled. This reduction in uncertainties is crucial for the accurate interpretation of
experimental results. Figure 3.1 presents a particle size distribution for the ground silica
material. This graph illustrates the cumulative volume percentage of particles across a
range of sizes, from 0.1 to 1000 micrometers (um). Table 3.1 shows the grade curve
characteristics of the particle size distribution, characterized by the diameters at which
certain percentages of the material pass through, specifically D10, D30, and D60. The
particle size distribution of this ground silica material indicates a well-graded composition,
which enhances its mechanical properties, such as packing density and structural
stability. Furthermore, the investigation utilized White Portland Cement Type | (PCI)
manufactured by Ash Grove as the binding agent and tap water as the mixing medium for
the NFR-CPB specimens. Hemp fibers were selected as the fiber reinforcement of choice

for many reasons. Firstly, hemp cultivation is remarkably cost-effective. This is due to its
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minimal need for inputs such as pesticides and fertilizers, as hemp is naturally resistant
to most pests and diseases (Ahmed et al, 2022). Additionally, hemp proliferates and
thrives in a variety of soil conditions, which further reduces the need for intensive
agricultural practices and costly soil amendments (Viskovi¢ et al, 2023). These factors
make hemp a significantly cheaper alternative to synthetic fibers, as the production costs
are much lower. Its fibers are characterized by their robust tensile strength and durability,
making them an excellent reinforcement material in construction (Abdalla et al, 2022).
The combination of cost-efficiency, sustainability, and strength positions hemp fiber as an

ideal candidate for construction solutions.
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Figure 3.1. Particle Size Distribution.

Table 3.1. Grade Curve Characteristics.

D10 D30 D60 Cu Cc
(um) (um) (um) (-) ()
2.22 9.52 27.60 12.42 1.48
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3.2 Mix proportions and specimen preparation

The CPB paste was prepared with a cement content of 4.5 wt% (wt.%: weight
percentage), and a water-to-tailing ratio of 0.36. Consequently, the resultant paste
possesses a solid content of 74.42wt.%. The selection of fiber length and fiber content
was based on the typical fiber parameters adopted in previous studies. Table 3.2 shows
fiber contents and lengths commonly adopted for reinforcing cement-based materials.
Specifically, fiber contents ranging from 0.05 wt% to 1.5 wt% and fiber lengths from 3 mm
to 24 mm are typically used across different studies. For instance, Festugato et al. (2017)
utilized PP fibers of 6, 12, and 24 mm lengths with a 0.5 wt% content, while Xue et al.
(2019) used fibers of 6, 12, and 18 mm lengths with a 0.6 wt% content. Other studies,
such as those by Chakilam et al. (2020), Gao et al. (2023), and Chen et al. (2020), have
employed various combinations of fiber lengths and contents. Xue et al. (2020)
investigated the effects of fiber length on the strength properties of PP FR-CPB
specimens of different sizes. They found that the peak and end strains of cubic specimens
were larger than those of cylindrical ones and that specimen size and fiber length
influenced the UCS. The optimal fiber length was 12 mm for smaller specimens, while
fibers with a length of 18 mm provided the best results for larger specimens. Based on
this research, this study adopted four specific fiber contents (0.25, 0.5, 0.75, and 1 wt%)
and four fiber lengths (5, 10, 20, and 30 mm) to prepare NFR-CPB specimens (Table 3.3).
These selected parameters are within the commonly used ranges, ensuring a
comprehensive evaluation of hemp fiber's effectiveness in enhancing the mechanical

properties of CPB.
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A three-phase procedure was utilized to prepare the hemp fibers. First, a paper barrier
was used to contain the fibers effectively during the cutting process to cut the hemp fiber
to the desired lengths (i.e., 5, 10, 20, and 30mm). This method involves placing the hemp
fibers inside a rolled paper barrier and then positioning them under a guillotine paper
cutter. The paper barrier helps keep the fibers aligned and contained, ensuring a clean
and precise cut. This technique minimizes the loss of fibers and ensures uniformity in fiber
length for subsequent processing and treatment. Second, hemp fibers with desired
lengths were chemically treated with sodium hydroxide to remove the lignin and
hemicellulose. Sodium hydroxide was chosen for its effectiveness in breaking down these
components, thus improving the adhesion between the fibers and the cement matrix,
which is crucial for enhancing the reinforcing effect of the fibers in cement-based materials
(Widodo et al., 2023). After the sodium hydroxide treatment, the hemp fibers were
thoroughly washed to remove any remaining impurities and alkaline residues that could
interfere with the bonding process. Third, the fibers were oven-dried at 50°C for 24 hours,
and the dried fibers were teased and then carded to align and separate the fibers, creating
a more uniform and consistent fiber material. The details of this three-phase procedure is
illustrated in Figure 3.2. The treated hemp fibers were incorporated into the mixture. The
resulting blends were thoroughly mixed using a mixer and then cast into cylindrical molds
with a diameter of 100 mm and a height of 200 mm, made from high-density polyethylene
(HDPE). Meanwhile, a group of control CPB samples without fibers was also prepared.
These samples were cured at room temperature and sealed from air for 7 days, 28 days,

and 90 days.
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Table 3.2. Fiber length and content commonly adopted in practice

Fiber type Fiber length (mm) Fiber content Reference
(Wt. °/o)
Polypropylene 6,12, 24 0.5 Festugato et al.
(2016)
Polypropylene 6, 12, 18 0.6 Xue et al. (2019)
Polypropylene 6,9, 13 0.25,0.5,0.75 Chakilam et al.
(2020)
Polypropylene 6,12 0.3,0.6,0.9 Gao et al. (2023)
Polypropylene 3,6,9,12 0.05, 0.11, 0.16, Chen et al. (2020)
0.22
Glass Fiber 3,6,15 05,1,15 Zhou et al. (2021)
Recycled Tire 16 0.3,0.5 Wang et al. (2021)

Polymer Fiber

Table 3.3. Summary of mix recipe of NFR-CPB.

Cement content | Water-to-tailing | Fiberlengths | Fiber contents | Curing times
(wt. %) ratio (-) (mm) (wt.%) (days)
4.5 0.36 5,10, 20, 30 0,05,1,1.5 7,28, 90
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Phase |: Fiber Cutting Phase Il: Chemical Phase llI: Physical
Treatment Treatment
Raw Hemp Fibers ~ Washed and Dried
* Fibers

Fibers Soaking in Teased Fibers
NaOH solution *

Cut Fibers Carded Fibers

Figure 3.2. Three-phase preparation procedures of natural hemp fibers.
3.3 Semicircular bend (SCB) test

The geometry and loading conditions of cracked specimens significantly influence
fracture toughness results, making it crucial to evaluate the differences in measured
values for accurately assessing various construction materials (Karimi et al., 2023). The
semicircular bend (SCB) test is commonly used worldwide to determine mode-l and
mode-Il fracture behavior, particularly in rock and brittle materials (Bazant et al., 1983).
Its simplicity and convenience make it especially suitable for brittle materials such as

concrete (Kuruppu et al., 2012). In this test, three-point bending is applied using a
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laboratory compression machine, with load, displacement, and fracture characteristics
continuously monitored. Mode-I SCB tests assess the material's response to tensile
stresses, whereas mode-Il SCB tests examine fracture response under in-plane shear
stress (Shi, 2009). Mode-I| fracture is most common in areas with little or no confinement,
such as the roof or exposed surfaces of the CPB. These areas experience tensile forces
from the weight of the surrounding material or external loads, leading to cracks opening.
Mode-Il fractures are caused by in-plane shear forces that act parallel to the crack. These
fractures are particularly prevalent in regions near the boundaries of CPB layers or where
the CPB interacts with structural elements like rock walls. The cutting procedure involved
multiple steps to achieve the desired SCB samples, as shown in Figure 3.3. First, the
CPB samples were de-molded by puncturing the bottom with a nail and using an air
compressor to remove the cylindrical specimens. Next, 50mm intervals were carefully
marked along the cylinder using a precision ruler. A professional miter saw was then used
to make initial cuts, producing disk samples of 100mm diameter and 50mm width, which
were then halved to create six semi-circular disk samples. After that, a centerline was
marked on each semi-circular disk, followed by the introduction of a 25mm notch. Mode-
| SCB specimens featured a 90-degree notch, while mode-Il SCB specimens had a 54-
degree notch. Finally, each SCB specimen underwent a thorough inspection to verify
dimensions and ensure adherence to the defined parameters for SCB tests. For
repeatability of results, a minimum of three specimens were tested for each curing
condition. Moreover, three control SCB samples without hemp fibers were also prepared.
The SCB specimen was positioned on two supporting bars with its notched side oriented

downwards during testing. A centrally aligned loading bar was positioned directly above
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the specimen's notch and equipped with an S-type load cell (manufacturer: ARTECH
Industries Inc.) to record the applied force. A displacement transducer (manufacturer: A-
Tech Instruments Ltd.) was placed to measure the displacement. A micro-measurements'
System 8000 data acquisition system, interfaced with the load cell and displacement
transducer, continuously captured force and displacement data throughout the testing
phase. As a result, 306 samples were prepared and tested under mode-l and mode-l|

SCB tests.

(d) (e)

Figure 3.3. Schematics of (a) SCB sample preparation, (b) dimensions of mode-I SCB sample, (c)

experimental setup of model-l SCB, (d) dimensions of mode-Il SCB sample, and (e) mode-Il SCB

experimental setup.

3.4 End-notched disk bend (ENDB) test

The mode-lll edge notch bending (ENDB) test is used to study the out-of-plane shear
behavior of materials, particularly the mode-IIl fracture properties, as described by Aliha

et al. (2015). Mode Il fracture behavior differs significantly from mode-l and mode-l|
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fractures (Suresh et al., 1987). Mode-lll fractures arise from out-of-plane shear forces,
which cause a twisting or tearing action along the crack front. These fractures will likely
occur near the interface between CPB and rock or other structural boundaries. During
fracture, the first suitably oriented microcrack initiates sample failure, as numerous
microcracks can link up and lead to the cleavage or intergranular fracture of the entire
specimen (Liu et al., 2004). The CPB samples were first de-molded to prepare the
specimens for testing by puncturing the bottom with a nail and using an air compressor
to remove the cylindrical specimens. Next, 50mm intervals were carefully marked along
the cylinder using a precision ruler. Before cutting, the miter saw blade was inspected for
any signs of wear, damage, or misalignment. The miter saw was then used to make
several cuts, producing 100mm diameter and 50mm width disks. Each layer was utilized
for one mode-lll test, with approximately 25mm of surplus material removed from both
ends of each specimen. A centerline was marked on each disk; then, a 20mm notch was
introduced perpendicularly through the specimen (Figure 3.4). A total of 153 samples
were tested under ENDB tests. The ENDB tests were conducted via the testing machine
and a data logging system like the SCB tests. To ensure the repeatability of test results,

a minimum of three ENDB specimens were tested.
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Figure 3.4. Schematics of (a) ENDB sample preparation, (b) dimensions of ENDB sample, and (c)

experimental setup of ENDB test.

3.5 Determination of fracture properties of NFR-CPB

Based on the measured load-displacement curves from SCB and ENDB tests, a series
of fracture properties, including material stiffness, fracture toughness, and fracture energy,
can be extracted. These properties are critical for understanding the influence of hemp
fibers on the fracture behavior of CPB materials. While a strength-based design method
is commonly employed, its primary limitation is that it only considers the peak load and
does not account for the energy required for crack initiation and propagation. This
limitation emphasizes the need to study fracture energy and toughness, which provide a
more comprehensive assessment of a material's behavior under stress, particularly for
materials like CPB, where energy absorption is a key performance factor. As shown in
Figure 3.5a, the most consistent slope for stiffness was determined using values between

40% and 60% of the peak load:

60%F, —40%F,

K = (3.1)

Dgo— Do
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where km is the material stiffness (N/mm), F, is the peak value force, Deo is the
displacement corresponding to 60% peak load (mm), and D4 is the displacement
corresponding to 40% peak load (mm).

Secondly, fracture toughness offers critical insights into a material's ability to resist crack
propagation under stress (Sharma et al., 2021). In contrast to the strength-based method,
fracture toughness values—denoted as K, Ki, and Kj; for mode-l, mode-Il, and mode-ll|
loading, respectively—measure the material's resistance to sudden fracture. These
values are especially important when considering the brittle nature of CPB materials, as
they ensure the material can withstand stress without catastrophic failure. The fracture

toughness values under SCB and ENDB tests were calculated as follows:

K, = DP;T\/TtaY, (3.2)

Ky = DiT vmaY, (3.3)
S

Ky = % vraYy (3.4)

where P is the maximum force (N), D is the diameter of the semicircular specimen (mm),
T is the thickness of the semicircular specimen (mm), a is the notch length (mm), and Y
represents the normalized stress intensity factor (with values Y = 6.52, Yi = 1.072, and
Y =0.0713).

The diameter and thickness of the specimen directly affect stress intensity and distribution.
Larger diameters and thicknesses increase load-bearing capacity, while the notch length

and orientation influence stress concentration and fracture mode (I, Il, or lll).
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Lastly, fracture energy is required to initiate and propagate a crack until total material
failure (Lee et al., 2014). Unlike strength-based design, which focuses solely on peak
load, fracture energy accounts for the area under the load-displacement curve and is
essential for understanding how materials behave over the fracture process. Fracture
energy is calculated as the area under the load-displacement curve (Figure 3.5b). This is
especially relevant for composite materials like NFR-CPB, where energy absorption is

key in performance. Fracture energy is calculated using the following equation:

_ yn-1_FitFiiq)
Ee = 2=t 30 bi0) (3-5)

where E; (N/mm) is the cumulative stiffness of the material. F is the force applied, where
Fi and Fi+1 are the peak values of force at consecutive measurement points / and j+17,
respectively. D denotes the displacement, where D; and D1 represent the displacement

corresponding to 60% of the peak load at measurement points / and i+17, respectively.
b)

Load (kN|
d (kN)

Figure 3.5. Definition of fracture properties of CPB: a) material stiffness (km) and b) fracture energy (Ec).

These three properties—material stiffness, fracture toughness, and fracture energy—are
important for evaluating the performance of NFR-CPB, as they provide a comprehensive
view of the material’'s behavior beyond what peak load measurements can offer.
Understanding these properties is essential to improving the design and durability of CPB

materials reinforced with natural fibers like hemp.
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3.6 Scanning electron microscope (SEM) analysis

As a type of composite material, the fracture response of NFR-CPB is governed by its
microstructure. SEM analysis offered insight into the influence of hemp fiber on the matrix
structure. To achieve such results, the equipment utilized was a Hitachi SU-70, which
scanned a focused electron beam over the sample's surface, generating various signals
that were transformed into image data. A multi-step preparation process was followed
before the SEM analysis of the NFR-CPB specimen. It started with sanding a slide to
achieve a smooth, even surface, free from any irregularities or contaminants that could
interfere with the microscopic examination. Once the slide was prepared, a tiny flake of
the NFR-CPB sample was adhesively secured onto it, ensuring it stayed firmly in place
during the analysis. The slide with the adhered hemp flake was coated with a thin gold
layer to enhance the sample's conductivity and the quality of electron imaging in the SEM.
This helped mitigate charging effects that might distort the SEM images and enhanced
surface topographical contrasts for more detailed visualization. With the sample primed,
the SEM was used to analyze the surface, revealing the NFR-CPB's intricate structural
and morphological details and providing valuable insights into its microstructural
characteristics. Control samples with no fiber and 20mm hemp fibers at a 1%
concentration were analyzed for the SEM analysis. The samples were examined at 7, 28,

and 90-day curing times.
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Chapter 4

Experimental Results

41 Load-displacement curves of NFR-CPB
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Figure 4.1. Mode-| load-displacement curves of NFR-CPB at different curing times.
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The mode-I load-displacement curves of NFR-CPB at different curing times are illustrated
in Figure 4.1. It can be observed that compared with control CPB without natural fiber
reinforcement, the inclusion of hemp fibers can influence both pre- and post-peak
behavior of CPB under mode-I| loading conditions. For the pre-peak behavior, adding
hemp fibers causes the deviation of pre-peak branches from the counterparts measured
from control CPB. Moreover, natural fiber reinforcement consistently increases the peak
resistance load. The extent of peak resistance load reinforcement is sensitive to fiber
content and fiber length. For instance, CPB with 5mm fibers exhibited a lower peak load
with a rapid post-peak decline, likely due to insufficient fiber length to bridge cracks
effectively. CPB with 10mm fibers showed a moderate peak load and similarly brittle post-
peak response. In contrast, the 20mm fiber achieved the highest peak load with a more
ductile post-peak behavior, demonstrating its effectiveness in enhancing toughness and
bridging cracks. The 30mm fiber exhibited a similar peak load to the 20mm fiber but with
a more gradual post-peak decline, indicating sustained load transfer even after peak load.
For the post-peak response, tolerance to the displacement can be significantly increased
as the fiber length increases. However, when the fiber length exceeds 20mm, a weakened
tolerance to displacement appears at an advanced age. The obtained results
demonstrate the effectiveness of hemp fiber reinforcement on the mechanical behavior
of CPB. Besides the influence of fiber length and fiber content, hemp fiber reinforcement
is also governed by the curing time, i.e., the progression of binder hydration in the tailing
matrix. NFR-CPB features a higher peak resistance and a weakened tolerance to

deformation at advanced ages.
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Figure 4.2. Mode-Il load-displacement curves of NFR-CPB at different curing times.

The load-displacement curves of NFR-CPB under mode-ll loading conditions are
illustrated in Figure 4.2. The introduction of hemp fiber affects both the pre-and post-peak

response of CPB. Like the mode-l load-displacement behavior, adding hemp fibers
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influences the pre-peak slope, enhances the peak resistance, and reinforces the post-
peak resistance under mode-Il loading conditions. Therefore, hemp fibers are suitable for
use as reinforcement materials for CPB. However, it is crucial to identify the different
mode-Il behavior relative to the counterparts under mode-I loading conditions. Specifically,
as the fiber length increases, the rate of change of post-peak resistance becomes smaller,
indicating a tougher material at the post-peak stage. A similar evolutionary trend was
observed from CPB with various fiber lengths under the mode-| loading condition. This
difference implies that fiber length plays a more critical role in the post-peak response
under mode-ll loading conditions compared to mode-l loading conditions. The
improvements in post-peak resistance can be attributed to enhanced fiber-matrix
interaction under mode-Il loading conditions. This is because, compared with the mode-|
loading conditions, mode-Il loading conditions can effectively activate both interparticle
and particle/fiber friction. As a result, the enhanced fiber-matrix interaction can increase
resistance to crack propagation and intensify the crack trajectory's curvature under mode-
Il loading conditions. Consequently, a tougher NFR-CPB with enhanced post-peak

resistance can be obtained under mode-Il loading conditions.
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Figure 4.3. Mode-lll load-displacement curves of NFR-CPB at different curing times.
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The mode-IIl load-displacement curves of NFR-CPB are presented in Figure 4.3. At the
7-day curing time, the 5mm fiber showed a lower peak load and rapid decline, indicating
insufficient crack bridging. The 10mm fiber had a moderate peak load with a brittle
response. The 20mm fiber achieved the highest peak load, while the 30mm fiber had a
high peak load with a more gradual decline. The pseudo-hardening effect observed under
mode-Ill loading conditions is likely due to higher fiber content and distribution, improving
load transfer and crack bridging effects. At 28 days, the 5mm fiber showed increased
peak load and moderate decline. The 10mm fiber had a significant peak load increase
and gradual decline. The 20mm fiber maintained the highest peak load with ductile
behavior, while the 30mm fiber showed similar results to the 20mm but with an extended
response. The pseudo-hardening effect is more pronounced, indicating better fiber-matrix
interaction and crack bridging. The 90-day results show further enhancements. The 5mm
fiber had a higher peak load but remained brittle post-peak. The 10mm fiber exhibited
high peak load and ductile behavior. The 20mm fiber had the highest peak load with the
most ductile behavior, while the 30mm fiber was comparable to the 20mm but with a
gradual decline. The pseudo-hardening effect is most pronounced under the mode-lii
loading conditions, likely due to the optimal fiber length and curing time enhancing
toughness and load transfer. Based on the obtained load-displacement curves under
various loading conditions, it can be found that longer fibers (20mm and 30mm)
consistently exhibited higher peak loads and more ductile post-peak behaviors than
shorter fibers (5mm and 10mm). Hemp fiber effectively improves post-peak behavior due
to its ability to bridge cracks and transfer loads even after the matrix begins to fail. The

longer fibers provide better crack-bridging capabilities, enhancing toughness and post-
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peak resistance. The performance improved with longer curing times, indicating better
fiber-matrix bonding and matrix strength.

4.2 Evolutive material stiffness of NFR-CPB
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Figure 4.4. Effect of hemp fibers on the evolutive material stiffness of NFR-CPB under different loading

conditions.

Figure 4.4 illustrates the effect of hemp fibers on the evolving material stiffness of NFR-

CPB under different loading conditions. Using Equation (1.1), the material stiffness of
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NFR-CPB was calculated and presented. At the lowest fiber content (0.25%), a trend of
decreasing mode-| stiffness with increasing fiber length is observed, suggesting that at
this low fiber content, longer fibers may not contribute effectively to stiffness, likely due to
insufficient fiber-matrix interaction. As the fiber content increases, material stiffness
initially rises with fiber length before declining, indicating an optimal fiber length for each
content level. Beyond this optimal length, factors such as fiber aggregation and
misalignment may offset the benefits of additional fiber length. For the 28-day NFR-CPB
samples, a peak in stiffness improvement is seen compared to the 7-day samples, likely
attributed to enhanced water drainage facilitated by the fibers, which increases matric
suction. However, by 90 days, this trend reverses, with NFR-CPB samples showing lower
stiffness than the control. This could be due to reduced water content limiting the
contribution of matric suction to the matrix integrity. Both mode-ll and mode-lll
demonstrate that fiber inclusion enhances stiffness at 7 and 28 days, likely due to fibers
facilitating better stress distribution and reducing local stress concentrations.

In mode-ll, the 28-day NFR-CPB samples consistently show increased stiffness
compared to the control, indicating effective stress transfer facilitated by the fibers.
However, by 90 days, there is a noticeable reduction in mode-Il stiffness for NFR-CPB
compared to control samples. This decline may be attributed to fibers disrupting matrix
integrity over time, coupled with the diminished lubricating effect of pore water as it is
consumed during hydration. In contrast, under mode-lll loading, the 28-day NFR-CPB
samples exhibit reduced stiffness, possibly due to the high water content at this stage,
which exacerbates particle rotation and impairs the formation of an interlocking particle

structure. By 90 days, mode-IIl stiffness improves significantly compared to mode-I|, likely
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due to the reduced lubricating effect of pore water, allowing fibers to engage more
effectively with the matrix and enhance resistance to complex loading scenarios.

In summary, material stiffness shows a clear time-dependent sensitivity to fiber content
and length. The benefits of fiber reinforcement are most pronounced at 28 days,
suggesting an optimal period when fibers contribute most to stiffness. However, the long-
term effects of fibers on material stiffness (at 90 days) suggest a trade-off between short-
term gains and long-term performance, particularly at higher fiber contents. The trends
observed at 90 days indicate that the long-term performance of fiber-reinforced CPB may
be compromised if fiber content and length are not properly optimized. Understanding the
interaction between fibers and the cementitious matrix is crucial for optimizing the

mechanical properties of NFR-CPB across all loading modes and over time.
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Figure 4.5. Effect of hemp fibers on the relative stiffness of NFR-CPB under different loading conditions.

The effect of hemp fibers on the relative stiffness of NFR-CPB under different loading
conditions is illustrated in Figure 4.5. It is important to note the differences in the absolute
values of material stiffness under various loading conditions. Comparing relative stiffness,
calculated relative to the counterpart of control samples, provides insights into the
similarities and differences of material stiffness under various loading conditions. A value
of relative stiffness above one indicates that the addition of fibers increases the stiffness

of the cementitious matrix relative to the control CPB, suggesting that fibers are beneficial
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to the composite's stiffness. Conversely, values below 1 suggest that the addition of fibers
decreases the stiffness of the matrix relative to the control, indicating that in these cases,
fibers may be detrimental to stiffness or that their potential benefits are not being realized
under the given conditions.

The relationship between fiber length and relative stiffness is complex. Although longer
fibers are generally expected to improve the bridging effect, the data indicates this is not
always true. At 90 days, fiber length seems to reach a limit where further increases do
not contribute positively to mode-| relative stiffness, possibly due to issues like fiber
aggregation and misalignment within the matrix. This suggests the need for an optimal
fiber length that maximizes stress transfer without compromising the composite structure
due to excessive fiber length. Fiber content, particularly at levels of 0.5% and 1%, appears
to offer a balance that maximizes the benefits of fiber addition, avoiding potential
drawbacks like reduced workability and stress concentration. In pure mode-| loading,
there is a more pronounced decrease in relative stiffness with the addition of fibers,
indicating that the fiber-matrix interaction under tension may require careful optimization
to avoid long-term negative effects. On the other hand, mode-Il loading shows higher
relative stiffness, especially at 28 days, as the fibers effectively contribute to stress
distribution by bending around matrix elements. This highlights the beneficial role of fibers
in improving stiffness under mode-II conditions.

Mode-Ill relative stiffness presents the most complex interaction, as the combined shear
and tension forces significantly engage the fibers, contributing positively to the matrix's
structural integrity. Moreover, mode-lll stiffness shows less variation over time than

mode-|, suggesting that the fibers provide more consistent reinforcement across curing

51



periods under these conditions. Overall, the effectiveness of fiber reinforcement in CPB
is highly dependent on the mode of stress, fiber length, and content. Neither fiber length
nor content universally improves stiffness; these factors must be carefully optimized for
each stress mode to achieve the best results. Fiber orientation and mechanical action are
particularly important under mode-Il and mode-Ill conditions, and the data supports a

targeted approach to fiber reinforcement.
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4.3 Evolutive fracture toughness of NFR-CPB
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Figure 4.6. Effect of hemp fibers on the evolutive fracture toughness of NFR-CPB under different loading

conditions.

Figure 4.6 presents the evolutive fracture toughness of NFR-CPB under different loading
conditions. At the early curing stage (7 days), fracture toughness under mode-| loading
increases with fiber length, peaking at 20mm for all fiber contents. By 28 days, this peak

becomes more pronounced, with the highest fracture toughness observed for 20mm
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fibers across all fiber contents, suggesting that longer fibers become more effective as
the composite matures. At 90 days, a general trend of increasing fracture toughness with
fiber length is observed, except at the 1.5% fiber content, where the trend reverses after
20mm. This indicates that high fiber content may lead to toughness degradation over time.
Under mode-Il loading, the 7-day fracture toughness generally increases with fiber length,
though the trend is less pronounced than in mode-I. The 1.0% fiber content provides the
greatest improvement across all lengths, suggesting an optimal fiber content for mode-II
loading. By 28 days, the trend becomes more distinct, indicating that the matrix has
developed sufficient inherent toughness, thereby increasing the relative impact of fiber
length. However, at 90 days, the trends become more varied, with a slight decrease in
fracture toughness for longer fibers at 0.5% and 1.0% fiber contents. This suggests a
complex interaction between fiber content, fiber length, and the maturing matrix, which
requires a balanced approach to optimize toughness.

For mode-lll fracture toughness, the 7-day data shows a slight increase or stabilization
with fiber length, particularly at 0.5% and 1.0% fiber contents. In contrast, 0.25% and 1.5%
show less consistent behavior, reflecting the need for an optimal fiber content that is
neither too low nor too high. By 28 days, the trend is like the 7-day results, with 0.5% and
1.0% fiber content continuing to show the best performance across all fiber lengths. This
consistency over time supports the idea that there is an optimal fiber content for
maximizing toughness. At 90 days, however, the optimal fiber length becomes less
apparent for 0.25% and 1.0% fiber contents as fracture toughness increases from 20mm

to 30mm, indicating that longer fibers may sometimes be more beneficial in the long term.
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A clear trend emerges where intermediate fiber contents (0.5% and 1%) generally
perform better across all modes and curing times, indicating that an optimal range of fiber
content exists for improving fracture toughness. Over time, the benefit of increasing fiber
length diminishes, particularly at the highest fiber content (1.5%), which may be due to
issues like fiber clustering or difficulties in dispersion within the matrix. The optimal fiber
length for maximizing fracture toughness varies with curing time, with 30mm fibers
becoming more effective at 90 days under mode-Il loading, likely due to enhanced fiber
interlock as the matrix matures. This relationship highlights the importance of optimizing
fiber length and content to achieve the desired improvements in fracture toughness. The
data suggests that while fiber inclusion generally enhances fracture toughness,
maintaining a balance is essential to avoid negative effects, especially with excessive

fiber content over longer curing periods.
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Figure 4.7. Effect of hemp fibers on the relative fracture toughness of NFR-CPB under different loading

conditions.

Figure 4.7 shows the relative fracture toughness of NFR-CPB under different loading
conditions. As fiber content increases from 0.25% to 1.5%, there is a general trend where
adding more fibers enhances fracture toughness relative to the control CPB, supporting

the idea that fibers can improve matrix stiffness and strength by bridging cracks and
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reinforcing the material. However, the additional fibers no longer increase fracture
toughness beyond a certain fiber content, as seen with the 1.5% fibers. This suggests
that negative effects such as matrix degradation and uneven stress distribution at higher
contents begin to outweigh the benefits of fiber reinforcement.

The variations in relative fracture toughness across the 7, 28, and 90-day data for each
fiber length and content highlight the evolving fiber-matrix interactions during cement
hydration. The 90-day data provides insights into fiber reinforcement's long-term stability
and effectiveness, showing improved relative fracture toughness over time as the fiber-
matrix bond strengthens and matures. Fiber length also plays a critical role in fracture
toughness improvement, as different lengths exhibit varying efficiencies. This suggests
that the bridging effect is length-dependent, with optimal fiber length crucial for
performance. Shorter fibers (5mm) may not adequately span cracks, resulting in less
effective stress transfer, while longer fibers (30mm) might encounter distribution issues
within the matrix or may curl and clump, reducing their effectiveness.

Under mode-I loading conditions, effective stress transfer in pure tension requires good
fiber-matrix adhesion. There may be an optimal fiber content that maximizes adhesion
without introducing defects in the matrix. For mode-Il relative fracture toughness,
additional fiber content enhances bending resistance, but the efficiency varies with fiber
length, indicating complex interactions within the matrix that affect toughness. In mode lll,
fracture toughness exhibits a more complex behavior. Fiber content up to 1.0% generally
improves fracture toughness, as this mode benefits from aggressive fiber engagement

through twisting and pullout actions, indicating strong fiber-matrix interactions.
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Overall, the effectiveness of fiber reinforcement in CPB is highly dependent on fiber
content, length, curing time, and the type of stress. An optimal fiber content range
(between 0.5% and 1.0%) maximizes the benefits across all modes and time frames,
balancing reinforcement and the negative effects of excessive fiber content. Fiber length
also plays a crucial role, with neither too short nor too long fibers being universally
beneficial. Each stress mode requires a careful selection of fiber length and content to

improve material stiffness and overall performance.
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4.4 Evolutive fracture energy of NFR-CPB
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Figure 4.8. Effect of hemp fibers on the fracture energy of NFR-CPB under different loading conditions.

Figure 4.8 shows the effect of hemp fibers on the fracture energy of NFR-CPB under
different loading conditions. In mode-| at 7 days, there is a clear upward trend in fracture
energy with increasing fiber length, particularly up to 20mm, indicating that longer fibers
enhance energy dissipation under tensile stress. As curing time increases, the

improvement in mode-| fracture energy becomes more evident, confirming the critical role
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of curing time in developing the material’s energy dissipation capabilities. This suggests
that the effectiveness of fiber reinforcement is closely tied to the extent of cement
hydration. In older CPB, the improvement in fracture toughness becomes more
pronounced with longer fibers. Specifically, the enhancement in fracture energy becomes
more sensitive to fiber content as the fiber length increases to 20mm and 30mm. The
results suggest that fiber length plays a more significant role in mode-I fracture energy
than fiber content. However, when fiber length reaches 30mm, fracture energy decreases
compared to 20mm, indicating an optimal fiber length (20mm) for improving fracture
energy. Increasing fiber content up to 1% improves fracture energy, while 1.5% has a
negative effect, reducing the CPB’s ability to dissipate strain energy. Introducing fibers
into the CPB matrix creates a fiber-matrix interfacial transition zone with high porosity and
weak adhesion. When too many fibers are used, their negative influence on the matrix
offsets the reinforcement effect. Thus, an optimal fiber content of 1% exists, which
maximizes the improvement in fracture energy.

Mode-II fracture energy exhibits a similar fiber length and content sensitivity to mode-I.
In-plane shear fracture energy increases with fiber content up to 1% but decreases at
1.5%. The highest fracture energy is observed with 20mm fibers, suggesting that a
combination of 20mm fiber length and 1% fiber content optimally enhances fracture
energy under mode-Il loading. The continuous improvement in mode-Il fracture energy
with curing time highlights the critical role of cement hydration in developing shear fracture
energy. This is due to the accumulation of hydration products, such as calcium silicate
hydrates (C-S-H), which strengthen the adhesion between fibers and tailings over time.

Compared to mode-I, the improvement in mode-Il fracture energy is more pronounced,
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suggesting additional contributors to shear fracture energy beyond cement hydration,
such as enhanced particle friction and interlocking between fibers and tailings. Introducing
fibers increases matrix porosity, which improves hydraulic conductivity and local water
drainage. Consequently, CPB with higher fiber content experiences lower water content
and reduced pore-water lubrication, leading to stronger particle friction and interlocking
structures under mode-ll loading. This fiber reinforcement and particle friction
combination contributes more significantly to fracture energy development than in mode-
l.

For mode-lll fracture energy, there is a noticeable increase with fiber length at 7 days,
especially for the longest fibers, suggesting that fiber length has a more pronounced effect
under combined loading conditions in the early stages. This trend continues at 28 days,
with longer fibers contributing to higher fracture energy, indicating that fiber length plays
a significant role in energy absorption as the composite cures. By 90 days, the increase
in fracture energy with fiber length becomes even more pronounced, showing that under
mode-lll loading, fibers effectively bridge cracks and enhance the composite’s energy
absorption capacity over time.

Across all loading modes, the effect of fiber length on fracture energy becomes more
pronounced at later curing stages, particularly in mode-Ill. This may reflect how fibers
interact with the matrix under different loading conditions. While there is no dramatic
variation in fracture energy with fiber length at 7 days, there is a slight trend toward
increased energy absorption with longer fibers as curing extends to 28 and 90 days. The

data suggests that while fiber length influences fracture energy, curing time and the
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loading mode are critical factors. Longer fibers appear beneficial in combined loading

conditions and at later curing stages.
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Figure 4.9. Effect of hemp fibers on the relative fracture energy of NFR-CPB under different loading

conditions.

The evolution of relative fracture energy in mode-ll and mode-Ill loading conditions

reveals distinct patterns in their response to variations in fiber length and curing periods,
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as depicted in Figure 4.9. Mode-I relative fracture energy exhibits the greatest sensitivity
to changes in fiber length across the different curing periods. This sensitivity can be
attributed to the nature of mode-I loading, which is characterized by uniaxial tension that
places fibers in direct alignment with the tensile force, allowing them to contribute more
effectively to the fracture energy of the composite. During the 7-day curing period, the
matrix is not fully cured, and the contribution of fibers to the fracture energy can be
significant. The fibers can effectively bridge micro-cracks that develop during the early
stages of curing, and longer fibers may be particularly beneficial due to their increased
bridging capability. This heightened sensitivity can be attributed to the nature of mode-|
loading, characterized by uniaxial tension. In this scenario, fibers are directly aligned with
the tensile force, allowing them to contribute more effectively to the composite's fracture
energy. When the matrix is still developing, the contribution of fibers to fracture energy is
significant. Fibers can bridge micro-cracks that form early in curing, with longer fibers
offering enhanced bridging capabilities.

The sensitivity observed in mode-I fracture energy stems from fiber length's direct impact
on stress transfer and crack propagation in tensile-dominated failure. As the matrix
continues to cure and gains stiffness and strength, the role of fiber reinforcement may
shift. Fibers continue to significantly contribute to fracture energy even in this later stage,
particularly as the matrix becomes more brittle. Longer fibers remain active in bridging
cracks, becoming even more crucial as the matrix stiffens. The sensitivity of mode-I
fracture energy suggests that fiber alignment with the tensile force is critical for improving
toughness. By the 90-day curing period, the matrix is expected to have achieved most of

its strength, potentially altering the relative impact of fibers. However, the sensitivity to
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fiber length persists as fibers continue to arrest crack growth in a mature, less ductile
matrix. In this stage, the ability of fibers to enhance toughness becomes more pronounced,
and their length plays a key role in the composite’s ability to absorb energy before fracture.
In mode-Il relative fracture energy, the data shows a general increase with longer fibers
and higher fiber content, especially noticeable during the 28-day curing period. This
suggests that shear forces in mode-Il benefit from fiber reinforcement, as fibers provide
an interlocking mechanism that enhances shear resistance. During the early 7-day curing
period, the matrix is still developing, and fibers play a crucial role in bridging cracks
caused by shear stress. As the matrix strengthens at 28 and 90 days, the combined
effects of matrix stiffening and fiber reinforcement result in higher fracture energy.
Increased fiber content, particularly at 1.0% and 1.5%, significantly improves fracture
energy, indicating that a higher fiber density effectively distributes shear forces across the
composite.

In contrast, mode-lll relative fracture energy shows a more modest increase with fiber
length and content than mode-Il. However, noticeable improvements in fracture energy
at 1.0% and 1.5% fiber content are still evident, particularly at the 28-day curing period.
In mode-lll, fibers primarily hinder the progression of out-of-plane cracks by creating a
three-dimensional network that resists tearing. As curing progresses, the increased matrix
strength from hydration further enhances the fibers' ability to contribute to fracture
resistance. Overall, the evolution of relative fracture energy demonstrates the complex
interaction between fiber length, content, and curing time under different loading modes.

While mode-I demonstrates the highest sensitivity to fiber length, both mode-Il and mode-
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[l benefit from optimal fiber reinforcement, particularly at higher fiber contents and longer

curing times.

4.5 Microstructure analysis of NFR-CPB

Tailings

P
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Figure 4.10. SEM images of control CPB samples without fiber reinforcement: (a) 7 days, (b) 28 days,

and (c) 90 days.

Tailings

Figure 4.11. SEM images of NFR-CPB samples with fiber reinforcement: (a) 7 days, (b) 28 days, and (c)

90 days.

The SEM images of control CPB samples at different curing times (7 days, 28 days, and
90 days), as shown in Figure 4.10, provide valuable insights into the microstructural
evolution of the material over time. At 7 days, the CSH appears in a relatively initial
formation stage, with a less dense morphology, indicating the early stages of hydration.
Aluminate Ferrite Monosulfate (AFt) suggests ongoing hydration reactions, with needle-
like structures indicative of ettringite, which forms rapidly during the early stages of

cement hydration. Tailings particles are still prominently visible, indicating that the binding
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between the cement hydration products and the tailings is still developing. By 28 days,
the CSH structures are more pronounced and denser than the 7-day sample, suggesting
significant progress in the hydration process and leading to a more interconnected matrix.
The AFt structures are still present, though they might be more integrated into the matrix
as hydration progresses, with an increased density of hydration products surrounding
these needle-like formations more closely. Tailings particles appear more embedded
within the matrix, indicating improved bonding and reduced porosity, showing a
progression towards a more cohesive microstructure. At 90 days, the CSH has formed a
very dense and well-connected network, suggesting that the hydration process has
substantially advanced, with the CSH gel filling most of the voids and contributing to the
strength and stability of the CPB. The presence of AFt structures is less prominent, which
could be due to their conversion into other hydration products over time. The
microstructure shows fewer distinct needle-like formations, implying ongoing secondary
hydration reactions. The tailings particles are almost completely enveloped by the
hydration products, indicating a mature and stable microstructure, with the interaction
between tailings and hydration products at its peak, providing maximum strength and
durability to the CPB.

The SEM images of NFR-CPB samples at different curing times (7 days, 28 days, and 90
days) are presented in Figure 4.11. At 7 days, the hemp fibers are visibly integrated within
the matrix, but the bonding appears to be in its initial stages. The fibers are surrounded
by a less dense CSH gel and tailings particles, indicating the early stages of hydration.
The CSH structures are less dense and more amorphous, suggesting the early formation

of hydration products. AFt indicates ongoing hydration reactions, with needle-like
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structures typical of ettringite forming rapidly during the initial hydration stages. The
tailings particles are still quite prominent and not fully encapsulated by the hydration
products, showing that the binding process is still developing. By 28 days, the hemp fibers
show better integration within the CPB matrix. The surrounding CSH is denser, indicating
significant progress in the hydration process. The CSH structures are more pronounced
and interconnected, forming a denser matrix that enhances the overall strength of the
material. The AFt structures are still present but appear more integrated into the matrix.
The density of hydration products around these structures has increased. The tailings
particles are more embedded within the matrix, showing improved bonding and reduced
porosity. This indicates a progression towards a more cohesive microstructure. At 90 days,
the hemp fibers are well-embedded within a very dense and well-connected CSH network,
suggesting a mature hydration process. The CSH has formed a dense and stable network,
filling most of the voids and significantly contributing to the strength and stability of the
CPB. The AFt structures are less prominent, possibly due to their conversion into other
hydration products over time. The matrix shows fewer distinct needle-like formations,
implying ongoing secondary hydration reactions. The hydration products almost
completely envelop the tailings particles, indicating a mature and stable microstructure.
The interaction between the tailings and hydration products is at its peak, providing
maximum strength and durability to the CPB.

Over the 90 days, the SEM images reveal a clear progression in the microstructure of the
NFR-CPB samples. At 7 days, there are early stages of hydration with initial CSH
formation and prominent AFt and tailings particles. By 28 days, hydration products are

significantly developed, leading to a denser and more interconnected matrix. At 90 days,
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the hydration process matures, resulting in a very dense, well-bonded, and stable
microstructure with embedded hemp fibers. These observations highlight the role of
curing time in developing the microstructural properties that contribute to the mechanical
strength and durability of CPB and NFR-CPB. The increasing density and integration of
hydration products over time demonstrate the effectiveness of hemp fiber reinforcement
and the curing process in enhancing the material properties of CPB.

4.6 Discussion

At early curing stages, such as 7 and 28 days, the matrix is still relatively weak and has
not yet achieved full strength. During this period, the matrix is more susceptible to
microstructural changes and less able to resist the internal stresses and potential "cutting"
effect caused by fiber movements within the composite. When fibers are added to the
matrix, they can create internal micro-cracks as they attempt to bridge the gaps between
cracks or when they are pulled out under load. This "cutting" effect can be particularly
pronounced with longer or higher content fibers that exert greater force on the
surrounding material. Since the matrix has not fully hardened at 7 and 28 days, it cannot
sustain this cutting effect efficiently, leading to a decrease in fracture energy, as observed
in some data trends.

By the time the matrix reaches 90 days, the material has generally undergone significant
hydration and has developed increased strength and stiffness. At this stage, the matrix
can better integrate the fibers and resist the internal forces they create. However, the
contribution of matric suction, which is the tension within the pore water of the matrix due
to capillary action and can aid in holding the matrix together, becomes weaker over time.

As the matrix continues to cure, the pore structure changes and becomes less able to
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generate capillary forces. Furthermore, the overall water content decreases as it is
consumed by ongoing hydration reactions, which reduces the matric suction effect.
Therefore, while at 90 days, the matrix is stronger and more rigid, potentially making it
more effective at transferring loads to the fibers, the reduced matric suction could limit the
overall contribution of the fibers to the toughness of the matrix. In other words, while the
fibers can still bridge cracks and provide reinforcement, the diminished matric suction
means that the matrix provides less overall toughness, and the fibers' role becomes more
critical. This could explain why the trends in fracture energy with fiber length become
more pronounced at 90 days. The matrix's reduced ability to contribute to toughness
through matric suction means that the fibers' ability to bridge and hold together the matrix
plays a greater role.

The sensitivity of mode-IIl fractures to fiber length is linked to this loading mode's unique
stress and deformation patterns. Mode-lll loading subjects the composite material to out-
of-plane shear stresses, which induce rotational or twisting forces that significantly differ
from mode-| or mode-Il loading. Longer fibers within a cement-based matrix contribute
more effectively to mechanical interlocking, a vital mechanism for resisting rotational
forces under mode-Ill loading conditions. This interlocking allows the fibers to engage
with the matrix material more efficiently, providing superior resistance to the twisting
motions that lead to fractures. Shorter fibers may not span across the matrix sufficiently
to offer a comparable level of mechanical interlocking, thus diminishing their ability to
counteract twisting fractures. Fiber orientation and distribution become particularly
significant under mode-Ill loading conditions. Longer fibers have a greater chance of

intersecting potential fracture planes at multiple points, thereby enhancing their ability to
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resist the complex stresses induced by twisting. This mode is inherently less sensitive to
fiber reinforcement due to the complex nature of the tearing forces that do not align fibers
as effectively as tensile, or shear forces. The distribution of these fibers throughout the
matrix is also critical; longer fibers are more likely to be oriented in ways that provide
resistance across various planes of potential fractures, leading to a more resilient
composite structure.

Stress transfer is another factor in which fiber length plays an important role. The ability
of fibers to transfer stress across their length can reduce stress concentrations within the
matrix. Longer fibers enable a more extensive area for stress distribution, necessitating
more energy to initiate and propagate a crack. This distribution is especially crucial in
mode-lll loading, where the multidirectional stress state can lead to more unpredictable
crack paths. Furthermore, the failure mechanism of fibers under mode-lll stresses can
experience either pull-out or rupture. Longer fibers are typically more prone to rupturing
rather than being pulled out, as the latter is a less energy-consuming process. This
characteristic means that longer fibers, when subjected to mode-lll loading, can absorb
more energy before failing, which directly contributes to the increased toughness of the
material. The ability of fibers to bridge cracks is also essential in resisting fractures. In
mode-lll, where cracks can appear due to twisting loads, longer fibers excel in bridging
these openings within the matrix, effectively holding together parts of the material that
might otherwise separate. This crack-bridging capacity of longer fibers highlights their
significance in enhancing fracture energy absorption in mode-lIl. Lastly, the deformation

behavior under mode-lll loading involves rotational movement within the matrix and fibers.
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Longer fibers can accommodate a greater degree of twisting without failing, allowing them
to absorb more energy exerted by twisting loads before the onset of material failure.

In summary, the complex interplay of mechanical interlocking, stress transfer, orientation,
and crack bridging explains why mode-Ill fractures are particularly sensitive to fiber length.
However, it's important to recognize that there may be an optimal length for fibers in
mode-Ill fractures. Beyond this optimal point, the benefits may plateau or even reverse
due to practical issues such as fiber entanglement or challenges in achieving uniform
dispersion within the matrix, highlighting the need for careful optimization of fiber length

in composite materials.
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Chapter 5 Conclusions and Recommendations

5.1

Conclusions

This study aimed to investigate the fracture behavior of NFR-CPB under mode-I, mode-

Il, and mode-Ill loading conditions, focusing on the effects of hemp fiber content and fiber

length. The comprehensive experimental program consists of mechanical testing,

including semicircular bend (SCB) tests, end-notch disk bend (ENDB) tests, and

microstructural analysis using scanning electron microscopy (SEM). The findings provide

valuable insights into the mechanical performance and fracture properties of NFR-CPB,

contributing to the advancement of backfill technology in underground mining

applications.

1.

The inclusion of hemp fibers in CPB affects both pre- and post-peak behaviors under
mode-| loading. It increases peak load resistance, with effectiveness dependent on
fiber length and content. CPB with 20mm fibers achieved the highest peak load and
ductility. Over 20mm fibers showed reduced tolerance to displacement at advanced
curing times, highlighting the influence of curing time on NFR-CPB.

Hemp fibers in CPB under mode-Il loading improve load-displacement behavior,
increasing peak resistance and post-peak toughness. Fiber length significantly affects
post-peak behavior, enhancing fiber-matrix interaction, crack resistance, and
curvature. This increases shear resistance and contributes to CPB integrity under field
loading conditions.

The mode-lll load-displacement curves of NFR-CPB show that longer fibers (20mm

and 30mm) consistently achieve higher peak loads and more ductile post-peak
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behavior than shorter fibers (5mm and 10mm). Hemp fibers improve post-peak
behavior by enhancing crack bridging and load transfer. Longer curing times further
enhance performance due to improved fiber-matrix bonding and matrix strength.

. Hemp fibers affect the material stiffness of NFR-CPB under various loading conditions,
with an optimal fiber length existing for each fiber content. Stiffness improves at 28
days due to better stress distribution and water drainage but decreases at 90 days,
indicating potential long-term performance trade-offs.

. Hemp fibers impact the relative stiffness of NFR-CPB differently across loading
conditions. Optimal fiber length and content are crucial, with 0.5% and 1% being
effective. The mode-Il and mode-Il stiffness improvement becomes more obvious than
mode-| ones, showing the need for targeted reinforcement strategies.

. Using hemp fibers increases NFR-CPB fracture toughness, peaking with 20mm fibers
at 7 and 28 days. At 90 days, longer fibers still help, except at 1.5% content. Optimal
fiber content (0.5%-1%) improves performance, while excessive content can degrade
fracture toughness over curing time.

. Hemp fibers improve the relative fracture toughness of NFR-CPB, peaking at 1.0%
fiber content. Each stress mode requires specific fiber length and content for best
performance, with 0.5%-1.0% fiber content generally being the most effective.

. Hemp fibers enhance NFR-CPB fracture energy; adopting 20mm fiber length and 1%
fiber content can maximize fiber reinforcement in the development of fracture energy.
Improvements are more pronounced with increased curing time, particularly under

mode-lll loading. Excessive fiber content (1.5%) reduces effectiveness.
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9. Relative fracture energy in mode-Il and mode-Ill loading conditions varies with fiber
length and curing periods. Mode-I relative fracture energy is most sensitive to fiber
length. Mode-lI| relative fracture energy benefits from fiber reinforcement, especially
at 28 days. Mode-lll relative fracture energy shows modest increases with longer
fibers and higher fiber content.

10.SEM observations revealed that hemp fibers form a more compact and interlocked
microstructure, enhancing the overall mechanical performance of the CPB.
Additionally, the incorporation of hemp fibers promoted the formation of calcium
silicate hydrate (C-S-H) and ettringite (Aft) products, further contributing to the

improved strength and durability of the material.

5.2 Recommendations for future work

Based on this study's findings, several recommendations are proposed for future
research to advance the understanding and application of NFR-CPB further. Firstly,
investigate the long-term durability and performance of NFR-CPB under various
environmental conditions, including exposure to moisture, temperature fluctuations, and
chemical interactions. Conduct field trials to evaluate the performance of NFR-CPB in real
underground mining conditions. Implement monitoring systems to assess the long-term
behavior and stability of the backfill material. Explore the effects of different types of
natural fibers, fiber hybridization, and varying fiber contents and lengths to determine the
optimal combination for specific mining conditions. Perform a comprehensive economic
and environmental impact analysis using NFR-CPB compared to traditional backfill
methods. Assess the cost-effectiveness and sustainability of the proposed technology.

Develop advanced numerical models to simulate the fracture behavior and mechanical
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performance of NFR-CPB. Validate the models with experimental data to predict NFR-
CPB behavior under different loading scenarios and optimize the design process.
Investigate the use of alternative binders, such as geopolymer or supplementary
cementitious materials, in combination with natural fibers to enhance the sustainability
and performance of CPB. By addressing these areas in future research, implementing
NFR-CPB can be further optimized, leading to safer and more efficient underground
mining operations. The insights gained from this study provide a solid foundation for the

continued development and application of CPB technology in the mining industry.
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