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Abstract

Cemented paste backfills (CPB, comprising waste tailings, hydraulic binder, and water)
are essential for safe and efficient underground mining production. Once delivered into
underground excavations, CPB undergoes complex field conditions. Maintaining the
engineering performance and mechanical stability of mine backfill mass, including fibers,
can significantly enhance its mechanical behaviors (especially post-peak resistance) and
CPB properties. Nevertheless, the field loading conditions are commonly featured in
various loading rates. Therefore, to ensure backfill mass stability, it is essential to fully
understand the effect of displacement rates on the mechanical behaviors and properties
of fiber-reinforced-CPB (FR-CPB). This study examined the effect of different
displacement rates (0.2mm/min, 1Tmm/min, 5mm/min, and 10mm/min) on the fracture
behavior and properties of FR-CPB, which were prepared with three polypropylene fiber
lengths (6mm, 13mm, and 19mm), and four fiber content (0.25%, 0.5%, 1%, and 1.5%)
at three different curing times (7 days, 28 days, and 90 days). A comprehensive testing
program was designed and performed, including semi-circular bend tests, end-notched
disc bend tests, and SEM observations. The results demonstrate that load-displacement
curves are sensitive to the changes in the displacement rate, with a higher displacement
rate resulting in a higher peak load and post-peak resistance load. Moreover, it was also
found that, compared with the influence of fiber content, the fiber length variation can
interfere with the displacement-rate dependency of fracture properties to a greater extent.
Furthermore, it is interesting to observe that excessive usage of fibers can cause material

stiffness, fracture toughness, and fracture energy degradation. Moreover, a critical



loading rate (1Tmm/min) has been identified, which can cause significant changes in the
rate of change in fracture properties. In terms of optimum usage of fibers, the results show
that a fiber length of 13mm and a fiber content of 0.5% can maximize the fiber
reinforcement effect on the improvement of fracture properties of CPB under different
displacement rates. Therefore, the findings from this study can potentially promote the
successful implementation of fiber reinforcement techniques in the mine backfill

operation.
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Chapter One Introduction

1.1 Background

Mineral resources are the foundation of the long-term growth of the human economy and
society. Yet, their extraction unavoidably jeopardizes the ecological environment, especially the
solid wastes (e.g., waste rock, tailings) produced by mining activity and mineral processing.
Most of these tailings were piled up in tailings storage facilities (TSF, such as embankments,
dams, and dykes), the construction of which occupies a large area of land. The tailings deposits
are likely to cause tailings dam collapse, environmental pollution, and other harmful impacts.
[Wang et al., 2017]. There are three methods to backfill stopes: Hydraulic fill involves mixing
tailings with water to create a slurry, which is then pumped into the voids left by mining
operations, then the water is later drained, leaving the solid material to fill the space; Cemented
paste fill (CPF) involves the tailings are mixed with a binder (cement and water) to form a thick
paste, then pumped into the voids, the cement helps to solidify the fill, providing additional
support; and Uncemented paste fill is similar to CPF without the additional cement, relies on
the natural settling and consolidation of the material to fill the voids.

Cemented paste backfill (CPB) is a specialized mining and civil engineering technique to
manage and safely dispose of mine tailings or waste materials [Belem et al., 2002]. It involves
mixing the tailings with cement and water to create a paste-like material that can be used to
backfill underground mine workings or fill voids in the ground. The advantages of CPB are
numerous; some of them can be reclaiming water, processing reagents, and energy;

maximizing the density of mine tailings, thus minimizing the footprints of surface tailings ponds;



minimizing the risk of tailings ponds failure; increasing mining safety, efficiency, and productivity
due to increased stability of underground voids [Deb et al., 2017, Edraki et al., 2014]. To avoid
the geological disasters caused by tailing failure, CPB was proposed and first implemented at
the Bad Grund Mine, Germany, in 1979 [Hustrulid et., 2001]. The environmental pollution by
tailings is reduced, and the method supports underground voids (Figure 1.1). In general, CPB
is a cement-based material with a particular strength formed by mixing cement, tailings, and
water, and it is commonly evaluated by its unconfined compressive strength (UCS), which
ranges from 0.2-4 MPa [Koohestani et al., 2016]. However, to overcome sudden failure, a

better approach is to add fibers to the mix under complex in-situ loading [Sun et al., 2018].

Sublevel

‘ Barricade « |

Figure 1.1: Underground CPB structure énd surrounaing rock [Kun et al., 2018].

Scenarios of fracture modes in mining stopes can be explained as: mode-I occurs in the roof
contact between CPB and rock; mode-Il occurs when the secondary stope is mined out when
CPB fills the primary stope, and then biaxial stress comes along when one side is left without
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support, resulting in shear stress arising inside the CPB; and mode-Ill occurs at CPB-rock
interface (Figure 1.1) as it is affected by shear and tensile stresses.

1.2 Problem Statement

The CPB structure is subjected to complex loading conditions after placement into underground
voids (called stopes). Specifically, due to the biaxial loading conditions, tensile stress dominates
the mechanical response of CPB near the exposed surfaces. Meanwhile, the polyaxial loading
results in the formation of tensile and shear stresses inside the CPB mass. As the tensile and
shear stresses develop and concentrate, the cracks may initiate and propagate in the CPB's
cemented-based matrix, thereby governing its macroscale failure process. Correspondingly,
the resistance to the cracks induced by tensile and shear stress plays a central role in assessing
the mechanical performance of CPB materials. Most importantly, as natural mineral resources
are continuously extracted, the underground mining depth has reached more than 1000 meters

[Pereira et al., 2010; Marcos et al., 2024; Blikharskyy et al., 2019]. The deep mine stopes are

features with extremely high geo-stress and considerable stope contraction, which cause
complex external loading conditions on mine backfill materials. As a result, the peak strength-
based design may impose a risk on the mechanical stability of backfill structures due to the
weak strength of CPB relative to the geo-stress level in the surrounding rock. Correspondingly,
the residual resistance (i.e., the post-peak resistance) of CPB materials plays a crucial role in
the stability of backfill structure in deep mines. However, conventional methods to improve the
mechanical behavior and properties of CPB rely highly on using hydraulic binders in terms of

their types and content [Ghirian et al., 2017; Liang et al., 2023]. However, it is important to point
3



out that the hydraulic binder is effective for changes in peak strength rather than post-peak
resistance. It has been widely observed that a higher peak strength as the adjustment of the
binder is consistently accompanied by a sharper drop after the peak value, which indicates an
enhanced brittle response. Therefore, the adjustment of the hydraulic binder cannot
simultaneously improve both the peak and post-peak resistance of CPB materials. Considering
the complex loading conditions in deep mines, post-peak resistance, and response must be
fully considered in the engineering design of backfill materials. In this regard, the fiber
reinforcement technique has been considered a promising approach to improve the residual

response of CPB [Consoli et al., 2012].

Moreover, it has been widely observed that cement-based materials show loading-rate-
dependent mechanical properties and behavior. For instance, as the loading rate increases,
material peak strength, fracture energy, and crack propagation pattern can dramatically deviate
from the counterparts measured under static loading conditions. Due to the mining activities
(e.g., blast operation, machinery vibration induced by crawler-type loading machine) and
underground geo-stress changes (e.g., contraction of stopes and seismic events), mine backfill
materials commonly suffer different loading rates in underground mines [Zhang et al., 2009;
Zhang et al., 2010; Lu et al., 2020]. Correspondingly, it is essential to investigate the
dependence of fracture behavior and properties of fiber-reinforced CPB (FR-CPB) to facilitate
the successful implementation of fiber reinforcement techniques in CPB materials. However,
no studies have been designed to systematically study the sensitivity of fracture behavior and

properties of FR-CPB to the loading rates. Therefore, to narrow the research gap, the objectives
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of this study are to experimentally investigate the influence of loading rates on (1) fracture
behavior (i.e., the load-displacement curves) under mode-| (pure tensile), mode-IlI (pure in-
plane shear), and mode-Ill (pure out-of-plane shear) loading conditions and (2) fracture
properties, including material stiffness, fracture toughness, and fracture energy of FR-CPB.
Moreover, to offer in-depth insight into the effectiveness of the fiber reinforcement technique,
various fiber lengths and fiber content will be employed to student their influence on the loading-
rate dependent behavior and properties of CPB from early (7 days) to advanced (90 days)

curing times.

1.3 Research Methodology

The present experimental study consists of several mechanical tests and microstructure
observations to reveal the loading-rate-dependent fracture behavior and properties of FR-CPB

under different loading conditions at various curing times.

First, the mix recipe of FR-CPB consists of a constant cement content (Cc) of 4.5% and a water-
to-tailing ratio (WTR) of 0.36. The WTR is the value of the mass of water divided by the mass
of tailing. This study took three fiber lengths of polypropylene (PP) fiber: 6mm, 13mm, and
19mm. For each length of PP, five different fiber contents are in the mix recipe (0%, 0.25%,
0.5%, 1%, and 1.5%). The obtained FR-CPB samples are cured in the laboratory environment

for three different curing times (7, 28, and 90 days).

Second, the target FR-CPB samples will be studied by two different mechanical tests, including
semi-circular bend (SCB) tests and end-notch disk bend (ENDB) tests, under four different

5



displacement rates (0.2, 1, 5, and 10 mm/min). SCB tests are used to investigate the fracture
behavior of mode-I and mode-Il loading conditions. ENDB tests are used to examine the
loading-rate-dependent fracture behavior of CPB under mode-Ill loading conditions. The
measured load-displacement curves from SCB and ENDB tests are utilized to analyze the
fracture behavior of FR-CPB under various loading rates. Meanwhile, the fracture properties,
including materials stiffness, fracture toughness, and fracture energy, can be extracted from
the measured load-displacement curves. Then, based on the measured data, the dependency

of fracture properties on loading rate can be identified.

In addition, auxiliary scanning electron electroscope (SEM) tests are conducted to reveal the
microstructure changes between fiber, tailing, cement, and water content at different curing
times (7, 28, and 90 days). The microstructure can facilitate the identification of governing
mechanisms responsible for the evolution of fracture properties of FR-CPB at different curing

times.

1.4 Thesis Organization

This research thesis is arranged into five chapters. Chapter One is the introduction to the
research. Chapter two explains the literature studies related to CPB and FR-CPB. Chapter three
shows the experimental testing program, which includes the preparation of FR-CPB samples,
mechanical testing methods, and measurement and calculation of experimental data. Chapter
four describes the experimental results and discussion on the effect of loading rate on the

fracture behavior (i.e., load-displacement curves) and fracture properties (i.e., material



stiffness, fracture toughness, and fracture energy) of FR-CPB with various fiber content and
fiber lengths at different curing times. Finally, chapter five presents the conclusions and

recommendations for future work.



Chapter Two Literature Review

2.1 Background

Cemented paste backfills (CPB), which mainly consist of thickened tailings (with a solid
percentage of 70—-85%), binder (typically 3—7 wt%), and water, are prepared in a backfill plant
usually located on the mine surface [Yilmaz et al., 2016]. The binder is mainly prepared with
ordinary Portland cement; its composition is explained in Table 2.2. The mechanical failure of
CPB structures not only jeopardizes mining productivity but also dramatically threatens the
safety of underground workers and has substantial financial ramifications for the mine [Hassani
and Archibald, 1998]. During actual filling operations, deposit mining stress disturbances, blast
stress waves, flying rocks, poor geological formations, and poor filling effects, as well as time
and temperature-dependent shrinkage of the filling body and expansion of the filling body due
to sulfate erosion from inside or outside, are very prone to generate a large number of initial
defects such as joints and fissures inside the filling body [Fang et al., 2020]. This means that
the arching effect can reduce the amount of cement consumed by up to 75% of the cost of CPB
[Kun et al., 2021; Kun et al., 2019]. It is the most common of the backfill composite types due
to the following advantages: reduced cement consumption, low operation costs, increased
mining cycle, and high ore recovery [Cao et al., 2018; Xu, 2018]. CPB forms a structural support
stope with specific strength through hydration to control surface subsidence, reduce dilution

loss rate, and improve recovery rate.



The quartz (silica) tailings were selected to prepare backfill materials composed of 99.8% SiO2
(Table 2.1), identified as the primary mineral in hard rock mines in Canada. The particle size
distribution is shown in Figure 2.1 [Libos, 2021]. The matrix provides only marginal
reinforcement to the encasing rock strata. Given the prevalence of fractures in deep
environments, it is imperative to enhance the interactions and consequences when CPB is
subjected. A continuous investigation is essential to ensure the structural integrity and longevity
of CPB in complex geological settings. After fracture, CPB loses resistance and can no longer
sustain any loads. This can be modified using fiber in the matrix [Jiaxu et al., 2022; Consoli et
al., 2017; Cao et al., 2019]. The fibers have the potential to improve the post-peak resistance
of the CPB. Numerous studies [larley et al., 2020; Li et al., 2016; Liang et al., 2023] have been
done on FR-CPB to understand mechanical behavior. This research emphasizes changing the

displacement rates to show the mechanical and material properties of FR-CPB.
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Figure 2.1: Comparison of particle size distribution between the adapted quartz and natural tailings
[Libos, 2021].
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Table 2.1 Composition of Tailings [Cao et al., 2019].

Parameters SiO2 | AlOs Cao MgO P Fe S Au

Varieties (%) | 65.7 14.3 1.88 0.49 0.08 3.05 0.13 <0.01

Table 2.2 Physical and chemical properties of ordinary Portland cement [Cao et al., 2019].

Parameters SiO, | Fe:0s | ALOs | MgO CaO SO; Speugcr:ezurface
Varieties (%) 21.36 3.21 4,92 3.41 62.33 1.92 0.13

2.2 Effect of Fiber Reinforcement on the Mechanical Behavior and Properties of CPB

Fibers can postpone or restrain cracks' propagation by forming close interactions between
fibers and matrix, thus improving the bearing capacity of soil structure [Yetimoglu et al., 2003;
Tang et al., 2007]. Moreover, Yi et al. [2015] found that fiber usage contributes more to UCS
improvement than cement hydration and reduces the post-strength loss of CPB. The
engineering performance of fiber reinforcement depends on the interaction between fiber and
matrix [Nezhad et al., 2021]. Xu et al. [2020] revealed that the inclusion of fibers affects the
volume change of CPB under shear stress. [Xue et al., 2019] examined the influence of fiber
types (such as polypropylene, polyacrylonitrile, and glass fibers) on the compressive strength
of CPB and found that the reinforcing effect of polypropylene fiber is much better than the other
two fibers. The fact that the cost of cement accounts for 20% to 40% of the mining activities,
replacing specific cement with fibers can considerably decrease the cost of CPB [Wang et al.,

2021].
10



Polypropylene fiber is a synthetic material widely applied in civil engineering and material
science due to its cost-effectiveness, ease of manufacturing, and acid and alkali resistance [
Yu et al., 2001; Ranjbar et al., 2016]. Pakravan et al. [2017] found that low-strength soft fibers
were better than rigid fibers with high strength and moduli in improving ductility and reducing
cracking behavior. Although PP fiber reduces the compressive strength of concrete, the
reduction is not significant because of the high toughness and durability of such fiber [Farina et
al., 2018; Kim et al., 2018]. Yi et al. [2015] conducted a series of uniaxial compressive strength
(UCS) experiments on the cemented backfills prepared using polypropylene fibers and sand
tailings from Western Australia’s nickel ore. The obtained test results indicated that fiber
addition to the backfill significantly reduced the post-peak strength loss and increased the
potential of the mine fill integrity and self-bearing capacity. Ma et al. [2016] adopted
polypropylene fiber-reinforced paste backfill samples to improve their brittleness rate. They
showed that adding fiber to the fill slightly increases the peak compressive strength and
prevents crack propagation and elongation within the cemented backfill. Besides, Consoli et al.
[2017] experimentally studied the durability and strength properties of fiber-reinforced, high-
density gold tailings-silicate cement composites. These authors found that fiber inclusions
decrease samples' mass loss after wetting/drying cycles and increase the corresponding

compressive strengths linked with the adjusted porosity/cement index.

The addition of fibers can improve the flexural strength and toughness of cement composite,
and the bending deformation of the backfill samples depends on the mixing intensity

characteristics at the macro and micro levels, inclusive of cement properties, water-cement
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ratio, and fiber type and content [Deng et al., 2016]. Experimental studies have been conducted
to probe the fiber reinforcement technique's effectiveness in improving conventional
geomechanical behaviors and properties of CPB materials [Li J et al., 2022]. Fang and Cui
[2023] found that the development of matric suction can contribute to the shear strength of
unsaturated FR-CPB. For the pre-peak branch, FR-CPB demonstrates a linear load-
displacement behavior despite the ages of the specimens. This confirms the validity of linear
elastic fracture mechanics for FR-CPB materials. Moreover, when the warmer curing
temperature is applied, the linear pre-peak branch is further enhanced and shows a higher

material stiffness.

Al-Mashhadani et al. [2018] found that adding fibers improved the mechanical strength
properties of geopolymer composites, and the existence of steel/polyvinyl-alcohol fiber
increased the corresponding flexural strength. Similar results from hybrid steel and
polypropylene fiber-reinforced geopolymer were also reported [Sukontasukkul et al., 2018]. In
addition, an increase in the fiber content from 0.5% to 1.5% increased the flexural strength from
3% to 124% for fiber with a smaller aspect ratio of 65 [W. Abbass et al., 2018]. The strength
gain of FR-CPB samples showed an increasing trend as fiber content increased, with

polypropylene fiber being better than polyacrylonitrile and glass fiber [Cao et al., 2019].
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Figure 2.2 Effect of PP on stress-strain curve 3-days cured [Cao et al., 2019].

2.3 Effect of Loading Rates on the Mechanical Behavior of CPB

Displacement rates refer to the speed at which a load is applied to a material, while strain refers
to the deformation or change in shape that a material undergoes in response to the load. The
loading rate (LR) dependency of rock is one of the fundamental mechanical properties essential
in understanding the mechanism of earthquake and geological tectonic movements and
estimating the long-term stability of underground structures, e.g., mining roadways and
underground storage [Wasantha, 2015]. One solution to these challenges is using cemented
paste backfill as secondary pillars to ensure the stability of the underground excavations [Tang
et al.,, 2021]. Okubo et al. [1990] observed that the triaxial compressive strength (TCS)
increased proportionally concerning the logarithm of the loading rate and that the loading rate
dependence of TCS was similar to that of UCS. At lower loading rates, cracks have sufficient
time to propagate and connect, which can decrease peak strength. Experimental studies have
shown that CPB exhibits rate-dependent behavior under compressive loading. CPB exhibits a

higher strength and stiffness at low loading rates than at high loading rates. The binder has
13



more time to develop strength and form a strong bond between the tailings particles at low

displacement rates.

Mechanical behavior refers to how materials respond to external forces or loads. This can
include many physical properties, such as strength, stiffness, flexibility, toughness, hardness,
and elasticity. The mechanical behavior of CPB is an essential consideration in the design and
operation of the backfill system. The mechanical properties of backfill are affected by factors
such as LR and PF (prefabricated fractures). A lower LR leads to the development of micro-
defects inside the filling body, which expand into micro-cracks during elastic deformation,
reducing the energy storage capacity. On the other hand, a higher LR inhibits the development
of defects, strengthening the resistance to deformation and increasing energy storage capacity,
leading to an improvement in UCS and EM. The critical LR for low-strength filling bodies under
quasi-static loading is determined by the properties of the filling body itself and external factors.
The presence of PF is equivalent to the arrangement of initial defects, which results in stress
concentrations and the early development of cracks in the PF area. The LRs were selected as
0.1, 0.25, 0.5, 1, and 2 mm/min (the selected LR was the typical LR for the UCS test of the
filling body). The samples were placed on the loading end of the press. The displacement
loading mode was selected. The stress and strain data were automatically recorded during the
loading process [Song et al., 2022]. UCS and EM of PF-CPB and CPB under different LRs are
shown in Figure 2.3. UCS was positively correlated with LR. As LR increased (Figure 2.3.a),
UCS increased as a polynomial function with the increasing rate decreasing (R2 > 0.890). EM

of the filling body raised with the increase in LR regardless of the presence of PF (Figure 2.3.b).
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Figure 2.3. UCS and EM (elastic modulus) of the filling body (a: UCS; b: EM) [Song et al., 2022].
The mechanical characteristics of backfill were evaluated at the mid-term curing time (i.e., up
to 91 days) through uniaxial compression tests and triaxial compression tests. The hydration
rate depends on the binder percentage. When backfilling can only be done in a single sequence
(for various mine operations reasons), the binder should be able to generate a strength of about
700 kPa in the short (28 days) and a strength of about 1000 kPa at the term (more than 91
days) in paste backfill [Tikou et al., 2000]. Li et al. [2021] reported that the UCS of CPB
increased significantly as the loading rate increased from 2 mm/min to 8 mm/min. The maximum
displacement required to reach the peak stress gradually decreases when the loading rate
increases [Zhan et al., 2021]. The change in fiber length, displacement rates, and fiber content's

effect on FR-CPB fracture behavior are discussed in this research work.
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2.4 Effect of Loading Rates on the Mechanical Properties of CPB

Mechanical properties of mine backfill materials are significantly influenced by the loading rates,
as evidenced by various studies. Wang et al. [2023] reported that as the loading rate increases,
the compressive strength of the backfill body linearly increases, peak strain rises in an S-
shaped manner, and the modulus of elasticity initially increases and then decreases. Tensile
failure is the dominant mode, with multiple failures occurring at higher loading rates, impacting
crack distribution. Song et al. [2022] conducted a study on prefabricated fracture CPB and
examined the mechanical behavior and cracking mechanism under varying loading rates. The
research delves into how different loading rates impact the energy evolution and, consequently,
the mechanical properties of the CPB. By analyzing the energy evolution, the study sheds light
on how loading rates influence the overall mechanical behavior and cracking mechanism of the
backfill material. Xiu et al. [2021] investigated the impact of loading rate on the UCS of CPB. It
has been found that, as shown in Figure 2.4, an increase in loading rate led to an increase in
CPB's UCS. It was also observed that the loading rate effect on the UCS behavior of CPB was
more significant at higher stress levels. Chen et al. [2021] utilized a Split Hopkinson pressure
bar (SHPB) and revealed that a higher strain rate resulted in larger increases in dynamic
compressive strength compared to static loading. Additionally, the dynamic compressive
strength of CPB showed an exponential correlation with the strain rate. Increasing cement
content, tailings content, and curing age improved dynamic compressive strength and elastic

modulus. Under dynamic loading, CPB experienced more severe damage with enhanced local
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damage and the formation of fine cracks due to the inability to dissipate high strain rate stress

wave energy efficiently.
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Figure 2.4. Effect of loading rate on the UCS of CPB [Xiu et al., 2021].

Although extensive studies have been conducted to investigate loading-rate-dependent
behavior and properties of CPB, very limited studies have been devoted to the analysis of
mechanical properties of FR-CPB under different loading rates. For example, Xue et al. [2021]
experimentally investigated the reinforcement effect of polypropylene fiber on the dynamic
properties of CPB under SHPB impact loading. It has been found that the addition of
polypropylene fiber to CPB resulted in an increase in the dynamic properties of the backfill
material under SHPB impact loading. The reinforcement effect of polypropylene fiber was
observed to enhance the energy absorption capacity and dynamic strength of the CPB, making
it more suitable for applications requiring resistance to dynamic loading. Except for the above-

mentioned study, no further work has been conducted regarding loading-rate-dependent
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mechanical behavior and properties of FR-CPB, which prevents the successful implementation

of fiber reinforcement into the mine backfill materials design.
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Figure 2.5. Effect of strain rate on the dynamic strength of FR-CPB [Xue et al., 2021].

2.5 Summary

Previous studies have confirmed that the usage of discrete fibers can only improve the
mechanical behavior, especially post-peak response, of CPB materials. Post-peak behavior is
crucial for the in-situ performance of CPB structures used in deep mines. This is because the
corresponding geo-stress is greater than the peak strength of backfil materials.
Correspondingly, the improvement of the post-peak behavior of CPB can effectively improve

the mechanical stability of CPB in deep mines.

However, previous studies focused mainly on the mechanical response of CPB materials under
UCS tests, which is due to the wide usage of strength-based design methods. Correspondingly,

the elastoplastic theory serves as the basis for the engineering design of CPB materials.
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However, as cement-based materials, the damage accumulation and failure process are
governed by the crack growth in the CPB matrix rather than the accumulation of permanent
strain. Consequently, the crack behavior and associated fracture properties must be fully

considered and evaluated for the engineering application of CPB technology.

To evaluate the fracture behavior and properties of FR-CPB, it is of practical importance to
consider the in-situ loading conditions. Due to the combined effect of mining activities (e.g.,
blasting operation and usage of various mine loading machines) and changes in geo-stresses
(e.g., contraction of rock stopes and seismic events), mine backfill materials encounter complex
loadings with various loading rates. Therefore, the investigation of loading-rate-dependent
fracture behavior and properties of FR-CPB can offer valuable information to the engineering
design and application of mine backfill technology in practice. However, no studies have been
designed to address this research gap, which motivates the present study. Correspondingly,
this study aims to systematically investigate the effects of loading rates on the fracture behavior
and properties of FR-CPB with different fiber lengths and content at different curing times. The
obtained results will potentially improve the effective usage of fiber reinforcement techniques

and promote the safe design of CPB materials in practice.

19



Chapter Three Experimental Testing Program

3.1 Materials

The primary material used for this study is artificial tailings, which consist of 98% pure silica
powder. Artificial tailings were chosen due to their ease of access and the consistency of
the material [Qi et al., 2019; Hu et al., 2023]. As the tailings from a field are non-
homogeneous material, they can cause variance in the results. Ordinary Portland cement
(OPC) is used to bind the artificial tailings. The fiber used in this research is polypropylene
fiber (CsHs)n, a synthetic fiber made by propylene polymerization (Figure 3.1). It is
lightweight and has 398 MPa tensile strength, a density of 0.91 g/cm?3, Young’s modulus of
3.85 GPa, and corrosion resistance. Three different fiber lengths (FI), 6mm, 13mm, and 19
mm, and five fiber contents (Fc) of 0%, 0.25%, 0.5%, 1%, and 1.5% were used to prepare

FR-CPB samples. The tap water in the lab is used to mix the ingredients.

Figure 3.1. Polypropylene fiber (PP) with 13mm length.
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3.2 Mix recipe and curing method

The mix recipe will be varied for each test to determine the effects of length and percentage
content of PP fiber. The mix recipe was prepared using the specified Cement content
(Cc=4.5%) and water tailing ratio (WTR=0.36) for all samples. Based on the volume of the
curing cylinder and an assumed density of CPB of 20 kN/m?3, the mass of the sample could
be determined. Then, the mass of cement, PP fiber, water, and tailings can be calculated
using several equations. Two equations are used to substitute the other variables for the
cement mass. Equation 3.3 can then be used to determine the tailing mass of CPB. Finally,
using the water-to-tailings ratio, the mass of water was determined. A summary of the mix
design for each formation is provided in Table 3.1. The detailed determination of the mass

of each mixing component is summarized via the following calculation procedures.

The cylindrical molds have dimensions of 20 cm in height and 10 cm in diameter.
Therefore, the volume of the mold is calculated as:

V = A*H = 1ir?H = *52*20 = 1570.8 cm?® = 0.0015708 m?3 (3.1)

where A is the area of the base of the mold (circular). A = nr? [cm?]; H is the height of the

mold [cm]; and V is the total volume of the mold [cm?3].

Assuming a density of CPB, Ycpb equal to 20 kN/m3, the mass of CPB is

M=chb*v =

201090 * 0.0015708 m3= 3.202446 kg. (3.2)

9.81

21



Based on the adopted mix recipe, cement mass = 1 kg, cement content (Cc) = 4.5%,

WTR = 0.36, and fiber content (Fc)= 0%; 0.25%; 0.5%; 1%; 1.5%.

For instance, when the fiber content is 0% (control sample), the mass of tailing, water,

fiber, and cement calculation is shown below:

Tailing mass (kg)= (1 — —)* (Cer Ay (3.3)

100 Cc/100
Tailing mass (kg)=(1-0.0045) * ( 222.22)= 21.2222 kg.
Water mass (kg)= WTR * Tailing mass (3.4)

Water mass (kg)= 0.36 * 21.22222 = 7.64 kg.

) « Fiber content (35)

Fiber (kg)= (Tailing mass + Water mass m

Fiber (kg)=(21.2222 kg+ 7.64kg) * 0= 0 kg.
Total mass of CPB =Cement mass+Water mass+Tailing mass+Fiber mass  (3.6)

Total mass of CPB (kg) =1kg + 7.64kg + 21.2222kg + 0 kg= 29.86222 kg.

Calculated cement, water, fiber, and tailing mass values per mold are given below:

Cement mass
Total mass of CPB

* mass of CPB per mold (3.7)

Cement mass (kg) =

1kg

Cement mass (kg) = 20.86222kg

* 3.202446kg = 0.107277 kg.

Water mass
Total mass of CPB

Water mass (kg) = * mass of CPB per mold (3.8)

7.64 kg

Water mass (kg) = 29.86222kg

* 3.202446kg = 0.81959 kg.

Tailing mass
Total mass of CPB

* mass of CPB per mold (3.9)

Tailing mass (kg) =

Tailing mass (kg) = % x 3.202446kg = 2.2276658 kg.
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Fiber mass (kg) = TotZ;l;relZsTZ;SCPB * mass of CPB per mold (3.10)
Fiber mass (kg) = 29_806%’(9 * 3.202446kg = 0 kg.
Table 3.1. Mix recipe for preparation of CPB samples.
Parameters | Control CPB FR-CPB

FI(mm) - 6,13,19 6,13,19 6,13,19 6,13,19

Fc(%) 0 0.25 0.50 1 1.50

Cc(9) 107.28 107.02 106.76 106.25 105.74
Tailing(g) 2276.66 2271.17 2265.71 2254.87 224412
Water(g) 819.6 817.62 815.66 811.75 807.88
Fiber(g) 0 7.72 15.41 30.67 45.78

*FI: fiber length, Fc: fiber content, and Cc: cement content.

3.3 Mechanical Testing Methods

To study the fracture behavior and properties of FR-CPB under different loading rates
(0.2, 1, 5, and 10mm/min), two mechanical testing methods, including semi-circular bend
(SCB) tests and end-notched disc bend (ENDB) tests, were conducted. SCB tests were
used to study the tensile (i.e., mode-l) and in-plane (i.e., mode-Il) fracture behavior of FR-
CPB via the adjustment of the inclination angle of notches into the disc samples. The
ENDB tests were employed to study the out-of-plane (i.e., mode-Ill) fracture behavior of

FR-CPB under different displacement rates.

For the testing sample preparation, an air hose pushes the molds out from the cylinder
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after reaching their assigned curing time (7, 28, and 90 days). One cylinder is cut into
three small cylinders with 5 cm thickness using a table saw. For mode-l and mode-Il SCB
tests, the cylindrical samples are cut again to semi-circular with a 10 cm diameter, making
six samples of each cylindrical sample. A vertical notch of 25 cm (see Figure 3.2.a) is
introduced to the semi-circular sample for mode-I SCB tests, while an inclined notch with
an inclined angle of 40° is prepared for the mode-Il SCB tests (Figure 3.2.b), respectively.
For mode-lll ENDB tests, the cylinder disk with 5 cm possesses a 2 cm central notch
(Figure 3.2.c). It is undergone by making a 60° angle between the central notch and top

loading bar.

T=5cm

D=10cm D=10cm

Figure 3.2. Specimen geometry and dimension: a) mode-I SCB specimen, (b) mode-ll SCB
specimen, (c) mode-Ill ENDB specimen.

The displacement rates used in this study are set to 0.2, 1, 5, and 10 mm/min. 1404
samples were tested using the SCB and ENDB testing methods for this research thesis.
The crack propagation can be observed in Figure 3.3 for three modes of fractures. Data
is calculated using a PC connected to a loading frame, displacement transducer, and
datalogger system. For SCB, the load cell has a spacing of 8.13cm and 5cm for mode-I
and mode-Il, respectively. Also, for ENDB samples, the spacing is 9cm, as used in mode-

[ll. Personal protective equipment (PPE) measures are used during all the procedures.
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Figure 3.3. Experimental setup of fracture toughness measurement with crack propagation: (a)

mode-| SCB test, (b) mode-Il SCB test, and (c) mode-Ill ENDB test.

3.4 Auxiliary Analysis

The control CPB without fiber reinforcement and FR-CPB matrix microscopic image was
produced as an auxiliary analysis using a scanning electron microscope (SEM). The SEM
samples are collected from three curing times (7, 28, and 90 days) and placed in an oven
at 50°C for 48 hours. Then, samples are put in a ziploc bag to keep the dry sample in the

laboratory.
3.5 Determination methods of fracture properties
The fracture toughness can be found using the equations shown below:

Mode-I fracture toughness (based on the semi-circular specimen with a vertical notch):

P _ (3.11)
Ki = DT VraYi

Where,
P is the maximum force (peak value of force vs. displacement curve) (N),

D is the diameter of the semi-circular specimen (m),
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T is the thickness of the semi-circular specimen (m),
a is the notch length (m),
Yi is the normalized stress intensity factor for mode | (Yi=6.52) (dimensionless)
[Ayatollahi et al., 2005]
Mode-II fracture toughness (based on the semicircular specimen with an inclined notch

(a=40°)):

P ) (3.12)
Kii = o7 Jma Yii

Where,
P is the maximum force (peak value of force vs. displacement curve) (N),
D is the diameter of the semi-circular specimen (m),
T is the thickness of the semi-circular specimen (m),
a is the notch length (m),
Yii is the normalized stress intensity factor for mode-Il (for your study, Yii=1.072)
(dimensionless) [Ayatollahi et al., 2005]
Fracture toughness K has a unit of kPa-m"2. After you use the formulae mentioned above
to calculate the K, you will obtain the K with a unit of kPa-m™2.
For these samples, D=0.1m, T=0.05m, and a=0.025m are constant throughout the mode-
| and Il tests. The equations will be simplified:
Ki= 365.445P [Pavm]. (3.13)

Kii= 60.08P [Pavm. (3.14)
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Mode-Ill samples are prepared by cutting a notch into a whole disk. The samples are
loaded at four displacement rates (0.2, 1, 5, and 10 mm/min), and the load-displacement
curve is logged. The fracture toughness, Kui, is calculated using the following equation:

Mode-Ill fracture toughness (based on ENDB tests with an inclined notch (=60°)):

P (3.15)
Kiii = D2 Jra Yiii

Where,

a: the depth of notch (a=0.02m)

B: the thickness of the disc specimen (B=0.05m)

S: the horizontal distance between central and edge bars (S=0.045m)

R: radius of the disc specimen(0.05m)

B: inclination of notch line w.r.t. the central bar (3=60°.)

Yiii: is the normalized stress intensity factor for mode-Ill (Yiii= 0.0713) [Aliha et

al., 2015]
The simplified equation when the constants are calculated is:
Kiii= 38.6P [Pavml]. (3.16)
The stiffness (N/mm) of the sample is found from the load-displacement curve by
calculating the slope in pre-peak. Two data points, including 40% and 60% of peak load
along the pre-peak branch, are chosen to evaluate the material stiffness (i.e., the slope

of the straight line portion between 40% and 60% of peak load).

60%F —40%F
k = P P

! D60 _D4o (3.17)
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where Fp is the peak force (N), Deo is the displacement corresponding to 60% Fp, and

Da4o is the displacement corresponding to 40% Fp.

The crack initiation (Ec) and fracture energy (Ef) energy were calculated for all samples.
Those fracture properties are computed from load Vs displacement curves. Ec (mJ) and
Ef (mJ) are defined by the enclosed area beneath the curve until peak load and load value
reach zero, respectively. Fracture properties are essential in understanding CPB's
mechanical properties and behaviors when designing backfill. Fracture toughness and
stiffness are essential designs based on the stress method. On the other hand, fracture

energy is applied when designed through the energy method.
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Chapter Four Experimental Results

4.1 Effect of displacement rates on load-displacement behavior at different curing

times

4.1.1 Mode-l load-displacement curves under various displacement rates

(@)

80

Zz
b=
@
=1
—

20

0

100 -

60

40 |

e (J_ 2 MMy miin Tmm/min Smm/min 10mm/min
(c,
©) 50 oo
80 | 80
= 60 | = 60
= 3
g 40 840 |
20 20
T L L L L | 0 L L L L L ' 0 L L L L L L |
0 01 02 03 04 05 06 07 08 0 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
Displacment (mm) Displacement (mm) Displacement (mm)

Figure 4.1. Mode-| load-displacement curves of control CPB under four displacement rates: (a)
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Figure 4.2. Mode-| load-displacement curves of FR-CPB (fiber length: 13mm and fiber content:
0.5%) with four displacement rates: (a) 7 days, (b) 28 days, and (c) 90 days.

Figures 4.1 and 4.2 show the load-displacement curves for CPB and FR-CPB at four

displacement rates, respectively. The displacement rates changed from 0.2 to 10 mm/min

and showed the load trend against displacement. At 7 days, the loading rates cause a

relatively weak difference in the load-displacement curves. This can be interpreted by the
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relatively weak matrix of early-age CPB. As a result, the tailing particle interaction can be
governed by the pore water pressure. Therefore, the loading-rate dependency is not
obvious at this stage. For the advanced-age (28 and 90 days) samples, the displacement
rate can affect both pre-peak slopes and peak resistance loads. The slope of load-
displacement curves gradually becomes similar in both CPB and FR-CPB. Under a higher
displacement rate, FR-CPB demonstrates an enhanced peak resistance load under
mode-| SCB tests. For instance, under 10mm/min at 90 days, there is a 22% increase in
peak load when using fiber. Meanwhile, a higher displacement rate also results in a
steeper slope of CPB and FR-CPB under mode-lI SCB tests. The crack displacement is

observed to be consistent across the curing time.

For the post-peak branch, a sudden drop of resistance consistently appears after the peak
resistance load, and a high displacement rate can strengthen the rate of change in the
resistance load. For control CPB (Figure 4.1), samples fracture in a brittle manner, and
load resistance values suddenly drop to zero. However, after the sudden resistance drop,
all FR-CPB demonstrate a stable residual resistance under various displacement rates
(Figure 4.2). The corresponding residual resistance load can be enhanced as the
displacement rate increases, consistent with the evolution of peak resistance under
different displacement rates. At 90 days, the post-peak displacement in FR-CPB goes
beyond 0.8mm, indicating the hardened CPB matrix's contribution to the fiber
reinforcement effect during the post-peak stage. Therefore, the consistent existence of
post-peak resistance can confirm the effectiveness of the fiber reinforcement technique

under various displacement rates.
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4.1.2 Mode-ll load-displacement curves under various displacement rates
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Figure 4.3. Mode-Il load-displacement curves of control CPB with four displacement rates: (a) 7
days, (b) 28 days, and (c) 90 days.
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Figure 4.4. Mode-II load-displacement curves of FR-CPB (fiber length: 13mm and fiber content:
0.5%) with four displacement rates: (a) 7 days, (b) 28 days, and (c) 90 days.

The effect of displacement rates on the mode-Il loading-displacement curves of control

CPB and FR-CPB is shown in Figure 4.3 and Figure 4.4, respectively. It should be noted

that compared with mode-I| fracture behavior, mode-Il fracture behavior also involves

inter-particle friction resistance, which can mobilize along the shear crack surface and

further contribute to the development of fracture resistance. More precisely, compared

with the mode-l pre-peak branch, the discrepancy of the mode-Il pre-peak branch

becomes more obvious under various displacement rates, which indicates the dominant
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role played by the CPB matrix. The peak load under mode-Il loading is higher than
measured under mode-| loading conditions. This suggests that shear stress is more vital
than tensile stress and needs additional load to initiate a fracture. At the advanced ages,
the peak load improves as the particle friction in the matrix is enhanced due to the
consumption of pore water by binder hydration. Moreover, the sensitivity of mode-Il peak
load to the loading rates is weaker than the counterparts measured under the mode-|
SCB test. For instance, under a displacement rate of 10mm/min at 90 days, there is an
average peak load increase of 11% in FR-CPB, whereas the mode-| peak resistance
increases by 24%. Moreover, the displacement corresponding to the peak load becomes

smaller than those measured under low displacement rates.

Like mode-I load-displacement curves, control CPB samples under mode-Il loading have
the same post-peak with no residual resistance (Figure 4.3). In contrast, the FR-CPB
mode-Il post-peak branch consistently appears under various displacement rates, which
indicates the effectiveness of fiber reinforcement at the mode-I| post-peak stage. It is of
great importance to note that the mode-Il post-peak response shows a weaker sensitivity
to the displacement rates relative to the counterparts measured under mode-I loadings.
The finding further confirms that the CPB matrix dominates the pre-peak response and
thus shows a higher-extern sensitivity to the displacement rates. At the same time, the
post-peak behavior is governed by the reinforced fibers and demonstrates limited
sensitivity to displacement rates. This scenario is extensively identified at FR-CPB at
advanced ages. The post-peak resistance is highly marked and consistent between 50 N

and 100 N.
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4.1.3 Mode-lll load-displacement curves under various displacement rates
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Figure 4.5. Mode-llll load-displacement curves of control CPB with four displacement rates: (a)
7 days, (b) 28 days, and (c) 90 days.
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Figure 4.6. Mode-IIl load-displacement curves of FR-CPB (fiber length: 13mm and fiber
content: 0.5%) with four displacement rates: (a) 7 days, (b) 28 days, and (c) 90 days.
Figures 4.5 and 4.6 illustrate the effect of displacement rates on the mode-Ill load-
displacement curves of control CPB and FR-CPB, respectively. The mode-Ill pre-peak
branches are similar to mode-Il ones as they tend to have linear pre-peak slopes under
various displacement rates, confirming the validity of linear elastic fracture mechanics to
CPB materials. Since no cracks are considered at the pre-peak stage, the pre-peak
response can be assumed to be governed by the intact CPB matrix. The consistent linear

pre-peak response of both control CPB and FR-CPB implies the dominant role played by
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the CPB matrix. Like mode-Il behavior, the peak load shows sensitivity to the changes in
loading rates. Specifically, the peak load increases until the loading rate reaches
5mm/min, followed by a reduction in peak load under a displacement rate of 10mm/min.
Contrasting to mode-Il, the higher displacement rates cause higher crack displacement

values under mode-lll loading conditions.

Similar to results measured under mode-ll loading condition, there is no post-peak
resistance of control CPB under mode-Ill loading (Figure 4.5). The mode-Ill post-peak
behavior of FR-CPB is different from that observed under mode-Il loading conditions,
shown in Figure 4.6. A pseudo-hardening behavior (i.e., secondary peak load) is widely
measured at the post-peak stage of FR-CPB under mode-lll loading conditions.
Compared with the mode-Il post-peak response, the consistent appearance of pseudo-
hardening behavior indicates distinct mechanisms for the post-peak response of FR-CPB
under mode-Il and mode-lll loading conditions. The mode-Il residual response is
dominated by particle friction and fiber pull-out process. However, under mode-lll loading
conditions, the out-of-plane shear inevitably strengthens the fiber-matrix interaction and
further leads to the edge-cutting process by the fibers. The enhanced fiber-matrix
interaction definitely improves the post-peak resistance to the crack propagation and thus
causes the pseudo-hardening behavior under mode-lll loading conditions. In addition,
mode-IIl load-displacement curves also demonstrate a sensitivity to the changes in the
loading rates. For instance, at the Tmm/min displacement rate, there is a 57% and 17%
increase in peak load between 7 to 28 days and 28 to 90 days, respectively. Therefore,

mode-Ill is more sensitive to displacement rate at post-peak than pre-peak. Most
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importantly, compared with the mode-Il response, the post-peak response becomes more
sensitive to the loading rates under mode-lll loading conditions, which can be attributed

to the strengthened matrix-fiber interaction under out-of-plane shear stress.

4.2 Effect of fiber length and fiber content on load-displacement curves of FR-CPB
4.2.1 Effect fiber length and fiber content on the mode-l load-displacement curves

of FR-CPB under various loading rates
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Figure 4.7. Mode-I load-displacement curves of FR-CPB at four displacement rates at 28 days:
(a) 6mm and 0.25% (b) 6mm and 0.5% (c) 6mm and 1% (d) 6mm and 1.5% (e) 13mm and
0.25% (f) 13mm and 0.5% (g) 13mm and 1% (h) 13mm and 1.5% (i) 19mm and 0.25% (j)

19mm and 0.5% (k) 19mm and 1% (I) 199mm and 1.5%.
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Figure 4.7 shows the effect of fiber length and fiber content on the mode-| load-
displacement curves under various loading rates. The effect of fiber length and content
on the mode-I curves differs. First, it can be observed that the changes in fiber length and
fiber content do not influence the pre-peak linear response under various displacement
rates, i.e., adding fibers does not change the pre-peak linear behavior of CPB, which
indicates the dominant role played by the CPB matrix. Therefore, adding fibers does not
undermine the validity of linear elastic fracture mechanics to the pre-peak response of
FR-CPB. Moreover, the peak load appears between 0.1mm and 0.2mm, which suggests
the crack is taking place due to the loss of resistance and brittle property of the CPB
matrix. Peak resistance load changes under various displacement rates, and FR-CPB
demonstrates a more significant peak resistance load under a higher displacement rate.
Compared to the curves of CPB (Figure 4.1.b), there is an increase in peak load in FR-
CPB samples. The peak load consistently increases up to fiber content of 1% and then
decreases as fiber content further increases to 1.5%. This is because a competing effect
of fiber reinforcement exists in the CPB matrix. First, the increase in fiber content tends
to increase the reinforcement effect on the matrix. Second, the excessive usage of fibers
unavoidably interferes with the tailing particle packing and thus leads to a negative
influence on the matrix integrity, i.e., matrix degradation. Consequently, a degraded

response can be observed at a high fiber content.

Moreover, FR-CPB shows a relatively stable post-peak residual resistance under different
displacement rates, indicating the fibers' reliable bridging effect in the CPB matrix under

mode-| loading conditions. FR-CPB samples with 0.25% low resistance showed behavior
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similar to that measured from control CPB. There is a better resistance for FR-CPB with
a fiber length of 19mm, but still not adequate (Figure 4.7.i). FR-CPB demonstrates the
sensitivity of post-peak resistance, mainly from FR-CPB, with fiber contents of 0.5% and
1%. When fiber contents reach 0.5% and 1%, an enhanced post-peak resistance can be
expected as the fiber length increases. However, when excessive fibers were adopted,

i.e., 1.5% fiber content, a lower post-peak resistance appeared.

4.2.2 Effect fiber length and fiber content on the mode-Il load-displacement

curves of FR-CPB under various loading rates
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Figure 4.8. Mode-Il load-displacement curves of FR-CPB at four displacement rates at 28 days:
(a) 6mm and 0.25% (b) 6mm and 0.5% (c) 6mm and 1% (d) 6mm and 1.5% (e) 13mm and
0.25% (f) 13mm and 0.5% (g) 13mm and 1% (h) 13mm and 1.5% (i) 19mm and 0.25% (j) 19mm
and 0.5% (k) 19mm and 1% (I) 19mm and 1.5%.
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As shown in Figure 4.8, a linear pre-peak branch is observed under mode-II loading,
which is similar to the mode-l pre-peak response. Meanwhile, the displacements
corresponding to the peak load differ from one another, depending on the fiber content
and displacement rates. This is because the amount of fiber in the sample has a limited
effect on shear resistance as the load is mainly concentrated locally (around the notch).
The shorter fiber length has a better peak-load value and linear slope. Moreover, the

5mm/min yields a higher peak-load value of FR-CPB under mode-Il loading.

Compared with mode-| post-peak behavior, FR-CPB shows a sharp recovery in post-
peak resistance immediately following the sudden drop in peak load. It should be pointed
out that a sliding displacement between shear cracks is required to activate the bridging
effect after initiating mode-Il shear cracks. Before the activation of the bridging effect
takes place, FR-CPB is still dominated by its matrix and thus shows a sudden drop in
peak load. After the activation of the bridging effect, a stronger reinforcement appears
and can maintain the post-peak resistance. As illustrated in Figure 4.8, mode-Il post-peak
behavior becomes sensitive to displacement rates at a high fiber content (1% and 1.5%)
and a longer fiber length (19mm). The usage of such fiber parameters improves the drop

after crack as the high amount of fiber in the matrix recovers to resist the load.
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4.2.3 Effect fiber length and fiber content on the mode-lll load-displacement

curves of FR-CPB under various loading rates
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Figure 4.9. Mode-lIl load-displacement curves of FR-CPB at four displacement rates at 28
days: (a) 6mm and 0.25% (b) 6mm and 0.5% (c) 6mm and 1% (d) 6mm and 1.5% (e) 13mm
and 0.25% (f) 13mm and 0.5% (g) 13mm and 1% (h) 13mm and 1.5% (i) 19mm and 0.25% (j)
19mm and 0.5% (k) 19mm and 1% (I) 19mm and 1.5%.

Figure 4.9 demonstrates the effect of fiber length and fiber content on the mode-Ill load-
displacement curves of FR-CPB under various displacement rates. It can be observed
that the pre-peak response of mode-Ill curves remains linear changes, the same as in
mode-Il pre-peak branches. However, unlike mode-Il behavior, the peak load is higher
under mode-lll loading. Moreover, FR-CPB also shows similar pre-peak slopes under
various displacement rates. This is because the load is mainly carried by the CPB matrix
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rather than the fibers at the pre-peak stage. The improvement of peak load depends on
fiber length and content. A monotonic increase in the peak load is measured from FR-
CPB with a fiber content of up to 1%. For the influence of fiber length, the 13mm fiber
length produces a higher peak load. Similar to the results under mode-Il loading, the
5mm/min displacement rate causes a higher peak load, while a higher displacement rate

(10mm/min) leads to a reduction in the peak load.

Compared with mode-Il post-peak behavior, FR-CPB illustrates a pseudo-hardening
behavior. Moreover, it is interesting to observe that a more substantial fluctuation of post-
peak resistance appears before the second post-peak, followed by a relatively smooth
drop in post-peak resistance. This energy drop becomes smaller with the increase in fiber
content. The fluctuation of post-peak resistance can be attributed to the solid out-of-plane
crack interaction. FR-CPB shows a consistent sensitivity of post-peak resistance to
displacement rates, confirming the matrix's dominant role under mode-lll loading
conditions. Moreover, the lower displacement rates result in a higher resistance at post-

peak and higher displacement at 13mm and 19mm fiber lengths.

4.3 Effect of displacement rates on fracture toughness of FR-CPB
4.3.1 Mode-l fracture toughness under various displacement rates
Figure 4.10 represents the mode-| fracture toughness of FR-CPB with three fiber lengths
and five fiber contents under different displacement rates. It can be observed that mode-
| fracture toughness is sensitive to the displacement rate and shows an increasing trend

as it increases. More specifically, when the displacement rate is increased from 0.2
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mm/min to 1 mm/min, FR-CPB and control CPB consistently demonstrate a considerable
improvement in fracture toughness from early to advanced ages. As the displacement
rate further increases, the rate of improvement in fracture toughness becomes weaker.
For instance, in Figure 4.10.g, there is a 10% increase between 0.2 to 1 mm/min and
5.4% between 1 to 10 mm/min. Meanwhile, the curing time can influence the sensitivity
of fracture toughness to the displacement rates. Compared with the 7 days and 28 days
measured results, 90 days FR-CPB demonstrates a higher-extent discrepancy of fracture
toughness as the displacement rates increase. This can be attributed to the hardened
CPB matrix and inter-bonding of fiber with cement at 90 days, which can offer more vital
tailings particle interaction (Figure 4.11.c and 4.12.c). For a given quantity of cement, the
amount of water combined in ettringite crystals is higher than in other hydrates. The
capacity of ettringite is 85%, meaning that 100 g of anhydrous phases can combine 85 g
of water within the crystallized network of ettringite. As a comparison, the capacity of
gypsum is only 27%, whereas it is around 30% for C-S-H [Peter et al., 2019]. Therefore,
the loading-rate dependency becomes more evident at the advanced age. Moreover, it is
also interesting to observe that the influence of fiber inclusion mainly occurs at 90 days,
while the fracture toughness of CPB with the various fiber lengths and fiber content shows
similar evolutionary trends and magnitudes at 7 and 28 days. Most importantly, it can be
observed that compared with fiber content, changes in fiber length lead to the loading-
rate sensitivity of mode-I fracture toughness to a greater extent. Using a short fiber length
causes a more obvious discrepancy in loading-rate dependency in fracture toughness.

This is because when fiber content is fixed, introducing shorter fibers into the CPB matrix
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increases the number of fibers locally. Correspondingly, shorter fiber can influence the

formation of microstructure to a greater extent via its influence on the tailing particle

packing, thereby interfering with the displacement-rate-dependent fracture toughness at

the
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Figure 4.10. Effect of PP fiber on mode-I fracture toughness under various displacement
rates: (a) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e)

19mm at 90 days.

Tailings

13mm at 28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i)

Tailings

Figure 4.11. SEM images of CPB at three curing times: (a)7 days, (b) 28 days, and (c) 90 days.

42



Tailings

Figure 4.12. SEM images of FR-CPB at three curing times: (a)7 days, (b) 28 days, and (c) 90
days.

Besides the influence of displacement rate on fracture toughness, the magnitude of
mode-| fracture toughness also demonstrated a stronger dependency on fiber inclusion.
As shown in Figure 4.10, FR-CPB shows consistently higher fracture toughness than the
counterparts measured from the CPB at 7 and 28 days. Moreover, increased fiber length
and content persistently enhance the 7-day fracture toughness. When the curing time
reaches 28, the optimal fiber content changes to 1% (corresponding to the fiber lengths
of 6mm and 13mm) and 0.5% (corresponding to the fiber length of 19mm), which can
yield a maximum fracture toughness of FR-CPB. In other words, the obtained results
indicate that using excessive fibers can weaken the integrity of the CPB matrix and thus
lead to a relative degradation of fracture toughness. Such an evolutionary trend becomes
more evident from 90 days of fracture toughness. Figure 4.10 (g-i) shows that the
reinforcement effect on mode-I fracture toughness was only observed from FR-CPB with
fiber lengths of 6mm and 13mm and fiber content of 0.25% and 0.5% at 90 days. Using
19-mm fibers leads to the degradation of fracture toughness compared to the control

CPB. Regarding fiber content, a weakened fracture toughness appears in FR-CPB as the
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fiber content increases to 1% and 1.5%. Therefore, the measured results reveal the
existence of optimal fiber parameters for applying fiber reinforcement technique in the

mine backfill design.

4.3.2 Mode-ll fracture toughness under various displacement rates
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Figure 4.13. Effect of PP fiber on mode-II fracture toughness under various displacement rates:
(a) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at
28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90

days.

Apart from the identification of the dependence of mode-Il fracture toughness on
displacement rate, it is also necessary to reveal the influence of fiber length and fiber
content on mode-Il fracture toughness. As shown in Figure 4.13 (a-c), the increase in

fiber content promotes the development of mode-Il fracture toughness, where the effect
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of fiber length is negligible. The increase of fiber content up to 1.5% showed a decrease
in fracture toughness at early ages. At 28 days, FR-CPB with 1% fiber content shows a
higher mode-Il fracture toughness, especially for those prepared with 6mm and 13mm
fibers. For instance, Figure 4.13.d shows a 50% increase in fracture toughness with a rise
in fiber content from 0.25% to 1%. Higher fiber content showed no improvement in
maintaining crack propagation. At advanced ages, the effect resulting from the increase
in fiber length is negligible. At 90 days, the fracture toughness is more affected by fiber
content rather than the fiber length. As shown in Figure 4.13 (g-i), the reinforcement effect
of mode Il fracture toughness was only observed from FR-CPB with fiber lengths of 6mm
and 13mm and a fiber content of 0.5%. Using 19mm fibers results in a lower mode-l|
fracture toughness, which was not comparable to that from control CPB. Therefore,

mode-Il fracture toughness is more influenced by fiber content rather than fiber length.

4.3.3 Mode-lll fracture toughness under various displacement rates

As shown in Figure 4.14, the evolutionary trend of mode-Ill fracture toughness is similar
to those obtained under mode-Il loading conditions. However, the critical displacement
rate under mode-lll loading is 1mm/min, which dramatically alters the rate of change in
mode-Illl fracture toughness. More precisely, a sharp increase in mode-Ill fracture
toughness was observed when the displacement rates increased from 0.2mm/min to
1mm/min. As the displacement further increases (up to 10 mm/min), the rate of change
in mode-lll fracture toughness becomes smaller. At 7 days, the sensitivity of fracture
toughness to displacement rate is governed in a specific range, as shown in Figure 4.14

(a-c). In advanced days, the sensitivity of fracture toughness became clear in FR-CPB
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samples. At 28 days, the fracture toughness at a higher displacement rate started losing
its sensitivity, as shown in Figure 4.14 (d-f). This is governed by local damage and
depreciation of water pressure at a notch. At 90 days, considering dry samples and unique
micro-structure, the fracture toughness is observed to be sensitive to displacement rate.
The 5mm/min results in higher fracture toughness (see Figure 4.14.g) than 1mm/min at

the lower fiber content.
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Figure 4.14. Effect of PP fiber on mode-Il fracture toughness under various displacement rates:
(a) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at
28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90
days.

Regarding the influence of fiber length and fiber content, the increase in fiber content

shows an enhancement in fracture toughness at 7 days. However, there is limited

variation when doubling the fiber length. At 28 days, the FR-CPB samples started to show
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the effect of fiber content and length. It can be observed that the fiber content of 1% can
be considered an optimum fiber content across three fiber lengths. For instance, fiber
content higher than 1% showed a drop of 40% in the mode-lll fracture toughness.
Moreover, 13mm (1.5%) fiber was 17% less value than 13mm (0.25%). At 19mm fiber
length, 0.25% was observed to have a higher fracture toughness, shown in Figure 4.14 f.
At 90 days, the fracture toughness is more affected by fiber content other than the fiber
length. The FR-CPB samples with 1% and 1.5% fiber contents showed lower fracture
toughness than control samples, shown in Figure 4.14 (g-i). The same results were
obtained from the mode-Il loading condition, where 19mm fiber length leads to a lower
fracture toughness than control samples. Therefore, using 13mm fibers can maximize the
fiber reinforcement effect on the mode-lIl fracture toughness, while longer fibers had
limited bonding structures with the matrix. This phenomenon increases weak zones in the

matrix structure and initiates crack propagation.
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4.4 Effect of displacement rates on stiffness

4.4.1 Mode-l stiffness under various displacement rates
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Figure 4.15. Effect of PP fiber on mode-| stiffness under various displacement rates: (a) 6mm at
7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28 days, (f)
19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.

At 7 and 28 days, the discrepancy of stiffness with different fiber content is minimal, and

it continuously increases with improvement in fiber content. Meanwhile, 90 days of FR-

CPB demonstrates an apparent change in displacement-rate-dependent stiffness with

different fiber content. Low cement content (Cc=4.5%) and high water content

(WTR=0.36) lead to a relatively soft matrix at 7 and 28 days. Correspondingly, the

interface bonding strength between fibers and tailings is inevitably weak, and including
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fibers results in no critical influence on the matrix integrity. Consequently, the 7 and 28
days FR-CPB samples show similar changes in stiffness as the fiber content changes.
However, as shown in Figure 4.15, it can be observed that 90 days of FR-CPB shows a
more substantial stiffness disparity under different fiber content. This is due to the
combined effect of continuous cement hydration and the development of matrix suction
in the interfacial transition zone between tailings and fibers. As a result, the interfacial
bonding strength can be significantly enhanced and thus positively contribute to the matrix
stiffness. At 90 days stiffness, there is a reduction when fiber content is more significant
than 0.5% compared with the counterpart of control CPB. The stiffness degradation can
be attributed to the deterioration effect of fiber inclusion on the matrix integrity. As
discussed before, the CPB matrix plays a dominant role in the development of material
stiffness. As more fibers are introduced into the matrix, the excessive fibers unavoidably
impede the tailing particles packing densely via the wall effect in the interfacial transition
zone. Therefore, the matrix integrity degradation will occur when the fiber content passes
its critical value, i.e., 0.5% in the present study. The obtained critical fiber content also
indicates a competing effect in the development of stiffness, i.e., the fiber reinforcement
and fiber-induced matrix degradation. Like the influence of fiber content, fiber length leads
to minimal changes in 7 and 28 days stiffness under various displacement rates.
However, short fiber can lead to a higher extent of discrepancy of stiffness at 90 days.
For example, compared with using 6mm fibers (Figure 4.15.9), the stiffness of FR-CPB
with 13mm and 19mm fibers becomes closer to that of the control sample. This is because

the number of fibers reduces locally as the fiber length increases. Hence, the data
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disparity relevant to the control sample becomes weaker. Based on the obtained results
from the present study, it is highly recommended that the critical fiber content and length
be integrated into the optimal design of FR-CPB in practice, which has the potential to
maximize the mechanical and economic performance of fiber reinforcement in mine

backfill technology.

4.4.2 Mode-ll stiffness under various displacement rates
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Figure 4.16. Effect of PP fiber on mode-lIl stiffness under various displacement rates: (a) 6mm
at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28 days,
(f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.
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The evolution of mode-Il stiffness under various displacement rates is plotted in Figure
4.16. It can be seen that FR-CPB and CPB stiffness under mode-Il loading have a similar
trend with the increase in displacement rate. Like mode-| stiffness, mode-Il stiffness is
more sensitive to a lower displacement rate at early ages. The critical displacement rate
is identified to be 1Tmm/min, and a decrease in stiffness was observed at a higher
displacement rate. This is due to the higher deformation of the matrix. At 90 days, the
stiffness of FR-CPB with shorter fiber showed more sensitivity to displacement rate, which

is the same as mode-| stiffness (Figure 4.16 (g-i)).

At 7 days, the improvement in mode-II stiffness is monotonic with increased fiber content.
Also, it is sensitive to displacement rate when the fiber length increases. At 28 days, a
higher fiber content causes a lower stiffness than that measured from FR-CPB with a
lower fiber content. As shown in Figure 4.16.f, 1% and 1.5% fiber content can result in
smaller stiffness than the control CPB. Similar to mode-| stiffness, fiber length makes a
relatively limited contribution to the development of mode-Il stiffness. However, it is
observed that mode-I| stiffness decreases by 10% with a change in fiber length from 6mm
to 19mm. This is due to the local fiber degradation (Figure 4.16 (d-f)). Also, fiber inclusions
can adversely affect the particle package and interlocking during shear stress. Compared
with mode-I stiffness, the package and interlocking structure are more important to resist
shear stress. At 90 days, the control CPB samples consistently showed higher stiffness
across all fiber lengths. This indicates that the matrix dominates the formation of mode-I|
stiffness at advanced ages. Lower fiber content (0.25% and 0.5%) produces a stiffer FR-

CPB, whereas more fibers in FR-CPB didn’'t enhance the stiffness. For instance, as
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shown in Figure 4.16.i, the 0.25% fiber content stiffness became critical, suggesting that
the fiber doesn’t improve stiffness.

4.4.3 Mode-lll stiffness under various displacement rates
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Figure 4.17. Effect of PP fiber on mode-lll stiffness under various displacement rates: (a) 6mm
at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28 days,
(f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.

From Figure 4.17, it can be observed that early-age mode-Ill stiffness is not sensitive to
the change in displacement rates. As already discussed, the matrix is the dominant
component for the development of stiffness. , The mode-lll stiffness of FR-CPB shows a

similar trend to that measured from the control samples. At 28 days, the stiffness of FR-
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CPB improved and became sensitive to displacement rates. The sensitivity increases
gradually at advanced ages, where the critical displacement rate stays at Tmm/min with
the highest stiffness improvement. Moreover, the stiffness of mode-Il and mode-Ill are
comparable at 7 and 28 days. At 90 days, shorter fiber can yield a stronger stiffness
sensitivity to displacement rates, also observed from changes in mode-I| stiffness under

various displacement rates.

At 7 days, 1% fiber content increases stiffness across all fiber lengths. The sensitivity of
stiffness gradually improved with the increase in fiber length. At 28 days, the fiber content
changed dramatically with the change in fiber length. Fiber lengths of 6mm, 13mm, and
19mm showed stiffness degradation with different critical fiber content, 1.5%, 1%, and
0.5%, respectively. At 90 days mode-Ill stiffness (Figure 4.17 (g-h)), 6mm and 13mm
fibers can still positively contribute to the stiffness of FR-CPB with a lower fiber content
(0.25% and 0.5%). Higher fiber content and length result in limited improvement in
stiffness at advanced ages. The difference between mode-ll and mode-Ill stiffness
indicates the existence of an extra contributor to the formation of stiffness under mode-ll|
loading conditions. Specifically, the out-of-plane shear stress can result in the torsion of
crack surfaces relative to the crack front, thus inducing extra resistance from the matrix.
The additional resistance caused by mode-Ill shear stress can positively contribute to the
material stiffness. However, this aspect is not visible in FR-CPB with 19mm fiber length

due to lower stiffness values than control CPB.
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4.5 Effect of displacement rates on the crack initiation energy

4.5.1 Mode-l crack initiation energy under various displacement rates
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Figure 4.18. Effect of PP fiber in mode-I crack initiation energy under various displacement

rates: (a) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e)

13mm at 28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i)
19mm at 90 days.

Figure 4.18 shows the trend of crack initiation energy under various displacement rates.
At 7 days, the sensitivity of crack initiation energy of CPB and FR-CPB toward
displacement rates is limited, the same as stiffness. The lower peak load and early age
of the sample, resulting in the sample's low stability, limits the crack energy. As shown in
Figure 4.18, the CPB and FR-CPB have similar trends with the increase of displacement
rate at different curing times. This is due to the limited effect of fibers on initiating cracks

in the samples, as 98% of the FR-CPB matrix are tailings, which governs the development
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of macroscale fracture properties. Fiber is primarily beneficial for holding crack
propagation through its bridging effect. At advanced ages, the sensitivity of crack initiation
energy increased and showed a monotonic increase up until 5mm/min. However, a further
increase in the displacement rate leads to a reduction in the crack initiation energy of FR-

CPB.

At 7 days, crack initiation energy is in the range of 3mJ and 6mJ across all fiber lengths.
The 1% and 0.5% fiber content result in the highest crack initiation energy at 28 and 90
days, respectively. At 28 days, increased fiber length can only cause limited sensitivity to
higher displacement rates. At 90 days, improvement of crack initiation energy is only seen
from FR-CPB with 6mm and 13mm fiber lengths and low fiber content (0.25% and 0.5%).
At 19mm, control CPB shows a larger crack initiation energy and low fiber content leads
to comparatively better results than higher ones (Figure 4.18.i). The degradation of crack
initiation energy at higher fiber content is due to the weak interaction between fiber and
matrix. Therefore, the influence of fibers is limited and restricted to resist crack

propagation.
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4.5.2 Mode-ll crack initiation energy under various displacement rates
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Figure 4.19. Effect of PP fiber in mode-Il crack initiation energy under various displacement
rates: (@) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e)
13mm at 28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i)

19mm at 90 days.

Figure 4.16 illustrates the mode-Il crack initiation energy of FR-CPB under various
displacement rates. The matrix dominates the formation of crack initiation energy, similar
to that measured under mode-I loading conditions. For FR-CPB samples, there is a high
shift of crack energy at low displacement rates. For instance, FR-CPB with a fiber content
of 1% shows an increase of 28% as the displacement rate increases from 0.2mm/min to
1mm/min (Figure 4.19.d). The highest sensitivity was observed at 28 days, when the

energy had a monotonic increase with the displacement rate. The critical displacement
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rate changed from 1mm/min at 7 days to 5Smm/min at advanced ages. Moreover, the
sensitivity of FR-CPB samples at a higher displacement rate is reduced. This indicates

the high crack deformation of the sample.

At 7 days, the sensitivity of the energy of crack initiation to displacement rate is higher
when shorter fiber lengths are adopted. At 28 days, FR-CPB showed higher values than
control CPB, and 1% fiber content was the critical fiber content. At 19mm, the critical fiber
content reduced to 0.5%, indicating the fiber length effect is limited. Also, the increase in
fiber length maintained a limited crack initiation energy range of 40 mJ to 90 mJ. At 90
days, the control CPB demonstrates a higher crack initiation energy than the FR-CPB
samples (Figure 4.19 (g-i)). FR-CPB with low fiber content has higher energy across all
fiber lengths. Like mode-l crack initiation energy, the shorter fiber length results in a

stronger sensitivity to displacement rates.
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4.5.3 Mode-lll crack initiation energy under various displacement rates
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Figure 4.20. Effect of PP fiber in mode-Ill crack initiation energy under various displacement
rates: (a) 6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e)
13mm at 28 days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i)

19mm at 90 days.

Figure 4.20 shows the changes in mode-Illl crack initiation energy of FR-CPB under
different displacement rates. At 7 days, crack initiation energy shows limited sensitivity to
displacement rates. The corresponding rate of change of crack initiation energy of FR-
CPB and CPB illustrates no obvious variation with the displacement rates. At advanced
ages, the sensitivity of crack initiation energy to displacement rates gradually improved,
which can be attributed to the hardened matrix. At 28 days, crack initiation energy peaks
under a displacement rate of Tmm/min. The degree of sensitivity gradually changed with

displacement rates, indicating tension resistance exerted by the fiber. However, CPB is
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more sensitive to changes in displacement rates from 0.2mm/min to 1mm/min with a rise
of 42%, whereas FR-CPB demonstrates a 30% change in crack initiation energy (Figure
4.20.d). Contrasting to the mode-Il loading condition, mode-Ill crack initiation energy is
higher due to ENDB's high sample thickness, and more fracture energy is needed to

promote crack growth.

Regarding fiber content, there was a monotonic increase in the mode-Ill crack initiation
energy at early ages. At 28 days, 1% and 0.5% fiber content produce the highest crack
initiation energy of FR-CPB with 6mm and 19mm fibers. For the FR-CPB with shorter
fibers (i.e., 6Bmm), the resultant crack initiation energy intends to possess a monotonic
increase with displacement rate. This can be attributed to the limited matrix space
occupied by shorter fibers. The fiber inclusions negatively affect the integrity of the CPB
matrix due to the weak interfacial transition zone between fibers and tailing particles,
which weakens the frictional resistance of materials to the shear stress and thus
influences the crack initiation energy. Finally, the fiber reinforcement effect gradually
disappears with the progression of cement hydration. Alternatively, the crack initiation

energy of control CPB without fibers shows the highest value compared with FR-CPB.
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4.6 Effect of displacement rates on fracture energy

4.6.1 Mode-l fracture energy under various displacement rates
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Figure 4.21. Effect of PP fiber in mode-| fracture energy under various displacement rates: (a)
6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28
days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.

The influence of displacement rates on the fracture energy of FR-CPB is presented in

Figure 4.21. It can be observed that the fracture energy of FR-CPB and CPB showed

sensitivity to changes in displacement rates throughout the curing times. The sensitivity

of fracture energy to displacement rates appears at 7 days. Meanwhile, 7 and 28 days of

fracture energy is comparable to each other. It is observed that fracture energy possesses

a monotonic increase with an increasing displacement rate. Through all curing time, the
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displacement rate of 1mm/min can cause significant variation in the rate of change of
fracture energy and thus can be considered a critical displacement rate, beyond which
the rise of fracture energy is limited. The magnitude of fracture energy is observed to
improve by ten times from 7 days to 90 days. This is due to the bonding interaction
between the matrix and fiber at 90 days. As shown in Figure 4.21 (i), the sensitivity of
fracture energy to displacement rate is more significant than that of other samples. This
indicates that longer fibers can lead to a stronger dependence of fracture energy on

displacement rates at advanced ages.

As fiber content and fiber length increase, fiber inclusion significantly contributes to the
development of fracture energy under various loading rates. The increase in fiber content
showed an increase in the value of fracture energy throughout all curing time. However,
the rise in fiber length was the dominant factor at all curing times. For instance, at 90
days, the fiber length change from 6mm to 19mm showed an increase of 73% in fracture
energy. Similar to the stiffness and fracture toughness, the evolutionary trend of fracture
energy is consistent with control CPB with low fiber content and short fibers. However, as
shown in Figure 4.21 (c) (f) and (i), FR-CPB with 19mm fibers shows significant changes
in fracture energy when the fiber content is more important than 0.5%. Therefore, the
observable improvement of fracture energy can confirm the effectiveness of fiber
reinforcement on post-peak fracture resistance. Thus, fiber length dominates fracture

energy values from the enclosed area from the post-peak trend.
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4.6.2 Mode-ll fracture energy under various displacement rates
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Figure 4.22. Effect of PP fiber in mode-Il fracture energy under various displacement rates: (a)
6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28
days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.

Figure 4.22 shows the evolution of mode-Il fracture energy of FR-CPB under different
displacement rates. Contrasting to mode-I fracture energy, mode-II fracture energy has a
monotonic increase as the displacement rates increase up to 5mm/min, and then a
reduced fracture energy appears under a further increase in displacement rates (i.e.,
10mm/min). Similar to the influence of displacement rate on mode-| fracture energy, a
critical displacement rate (1mm/min) can be identified for the mode-Il fracture energy,
resulting in considerable changes in the fracture energy. Moreover, the 7 and 28 days

FR-CPB shows relatively weak dependence of fracture energy on the displacement rates,
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except for 19mm, which showed enhanced sensitivity toward change in displacement rate
(Figure 4.22 (c) and (f)). Similar to mode-| fracture energy, the sensitivity of fracture

energy values toward displacement rate increases dramatically at 90 days.

At early ages, the rate of change in fracture energy is proportional to the adjustment in
fiber content. The values of FR-CPB fracture energy are comparable at 7 and 28 days.
This is because the weak reinforcement effect at early ages limits the enhancement of
fracture energy. The 1.5% fiber content is observed to produce a higher fracture energy
across all fiber lengths. The amount of fibers present in the matrix affects crack
propagation. As discussed above, the fiber enhancement in mode-Il post-peak resistance
is well observed at the high fiber content. At 90 days, 13mm and 19mm fibers showed a
higher improvement in fracture energy (Figure 4.22 (h)-(i)). However, the 13mm fibers
produced more consistent results due to the preferable bonding interaction with the
matrix. For instance, there is an 86% increase in the 90-day fracture energy from 6mm to
13mm and a 24% reduction as a further increase in fiber length from 13mm to 19mm for
FR-CPB with 1.5% fiber content. Similar to mode-I fracture energy, fiber length imposes
a more significant influence on the development of fracture energy over fiber content

under mode-Il loading conditions.
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4.6.3 Mode-lll fracture energy under various displacement rates
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Figure 4.23. Effect of PP fiber in mode-lll fracture energy under various displacement rates: (a)
6mm at 7 days, (b) 13mm at 7 days, (c) 19mm at 7 days, (d) 6mm at 28 days, (e) 13mm at 28
days, (f) 19mm at 28 days, (g) 6mm at 90 days, (h) 13mm at 90 days, and (i) 19mm at 90 days.

From Figure 4.23, it can be observed that the 7 days mode-III fracture energy is sensitive

to the displacement rate and shows a linearly proportional increase with the displacement

rate. At 28 days, a critical displacement rate of 5Smm/min yields significant changes in

mode-lll fracture energy, beyond which a reduction in fracture energy is detected (Figure

4.23 (e)-(f)). As shown in Figure 4.23 (g), the sensitivity of fracture energy of FR-CPB with

19mm fibers is limited at 7 days, and a relatively weak monotonic increase can be

observed as the displacement rate increases. At advanced ages, there is an obvious

increase in mode-lll fracture energy as the displacement rate increases to 1mm/min.
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Similar to mode-l and mode-I| fracture energy, 1.5% fiber content can produce the highest
mode-Il fracture energy for all fiber lengths. This indicates the critical role fiber content
plays in the development of fracture energy. Under mode-Ill loading conditions, shorter
fibers can weaken the sensitivity of fracture energy to displacement rate and thus yield
relatively low fracture energy. For instance, there is a 23% increase in fracture energy of
FR-CPB with a fiber content of 1.5% when the displacement rate changes from
0.2mm/min to 1mm/min and an 8% reduction in fracture energy when the displacement
rate further increases from 1mm/min to 10mm/min (see Figure 4.23 (h)). Moreover, as
fiber length continuously increases, the enhancement of mode-Ill fracture energy is
observed across curing times. The longer fiber promotes the formation of a bridging effect
in the cracked matrix and thus effectively enhances the fracture energy consumed by the
FR-CPB under out-of-plane shear stress. Therefore, fiber length plays a crucial role in the

development of fracture energy of FR-CPB under various loading conditions.
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Chapter Five  Conclusions and Recommendation

5.1 Conclusions

This thesis studies the fracture behavior and properties of FR-CPB under different

displacement rates (0.2mm/min, 1Tmm/min, Smm/min, and 10mm/min) from early to

advanced ages (7 days, 28 days, and 90 days). Moreover, to offer an in-depth insight into

the loading-rate-dependent behavior of FR-CPB, the effect of fiber length (6mm, 13mm,

and 19mm) and fiber content (0%, 0.25%, 0.5%, 1%, and 1.5%) were examined. Based

on the obtained results, the main conclusions are summarized as follows:

1.

The displacement rate imposes a more significant influence on the fracture behavior
and properties at advanced ages. Both pre and post-peak response of FR-CPB
demonstrates changes under different displacements. Specifically, FR-CPB showed
a linear response in the pre-peak slope under various displacement rates, which
confirms the effectiveness of linear elastic fracture mechanics to the pre-peak
behavior of FR-CPB materials. Moreover, higher displacement rates cause higher
peak load and post-peak resistance under mode-| loading conditions. The stronger
sensitivity of fracture behavior to the displacement rate confirms the dominant role

played by the CPB matrix at advanced ages.

. Under the mode-Il loading condition, the 5Smm/min displacement rate results in a

higher peak load, making it a critical displacement rate. The CPB matrix dominates
the pre-peak, showing a higher sensitivity to various displacement rates. For the post-

peak response, FR-CPB shows a sudden drop after the peak load and is immediately
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followed by post-peak resistance, which can be attributed to the bridging effect of
fibers under in-plane shear stress. Moreover, the post-peak response is governed by
fiber reinforcement, which has a relatively weak sensitivity to changes in displacement
rates. At higher fiber content (1% and 1.5%), the enhancement of post-peak

resistance becomes more obvious under mode-I| loading conditions.

. Under the mode-lll loading condition, the Tmm/min displacement rate leads to a higher
peak load, making it a critical displacement rate. The pre-peak slopes are similar to
each other at various displacement rates. At the post-peak stage of FR-CPB, a
secondary post-peak resistance, i.e., pseudo-hardening behavior, is widely observed
under mode-lll loading condition, which indicates the unique mechanisms responsible
for the mode-lll post-peak behavior of FR-CPB. The pseudo-hardening behavior is

closely related to the edge-cutting effect of fibers under out-of-plane shear stress.

. FR-CPB and control CPB consistently demonstrate a considerable improvement in
fracture toughness from early to advanced ages. The fiber inclusion increased peak

load due to the bonding interaction between fiber and matrix.

. The CPB and FR-CPB stiffness and energy of crack initiation have similar trend under
various displacement rates. The dominant factor for the loading-rate-dependent
fracture properties can be attributed to the CPB matrix. Consequently, a stronger
sensitivity of fracture properties to the displacement rates has been repeatedly

observed at 90 days. Higher fiber content adversely affects the development of 90-
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day stiffness under various displacement rates. However, short fiber can lead to a

greater extent of discrepancy of stiffness at 90 days.

. A critical displacement rate of 1mm/min exists and significantly affects the rate of
change in fracture properties of FR-CPB under various loading conditions. A sharp
increase in fracture properties has been measured as the displacement rate increases
from 0.2mm/min to 1mm/min. Although a continuous improvement was measured, the
rate of change in stiffness, fracture toughness, and crack initiation energy became
smaller. This can be attributed to the changes in pore water pressure and matrix
structure. Under a low displacement rate, the CPB matrix has adequate time to
dissipate the excess pore water pressure, thus developing a stronger particle

resistance.

. Fracture toughness, stiffness, and crack initiation energy values mainly depend on
fiber content other than fiber length. In contrast, fracture energy depends more on
fiber length, especially when fiber length reaches 13mm. The critical fiber content of
0.5% can be considered an optimum fiber content for the usage of synthetic fiber in

CPB technology.

5.2 Recommendation for future work

The main recommendation of this work is to continue the research of CPB technology to

the point of engineering design. Those works can enhance the understanding of tailing

management efficiently and effectively. More studies can be performed by increasing the

displacement rate to 1000mm/min and observing how FR-CPB would behave in dynamic
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loading rates. The increase in displacement rate would clarify the critical displacement
rate value for mode-| testing and the fractural behavior of samples, especially at post-
peak. Also, FR-CPB can be experimented with other fibers that could optimize post-peak
behavior, reduce cost, and improve stiffness. Undergoing more experiments by
increasing fiber content in mode-Ill can specify the post-peak resistance and the

effectiveness of fiber.

To make FR-CPB cost-effective, financial-based research is needed to calculate the
money required to manage tailings with the existence of fiber is advisable. Lastly, those
improvements can gradually develop the understanding of fracture behaviors in
underground mining and tailing management using FR-CPB. Meanwhile, the
development of predictive models should be prioritized to understand better and forecast
the behavior of fiber-reinforced backfills under various conditions. These models can help
optimize mixture designs and predict performance outcomes more accurately, thereby
aiding in the efficient use of resources. Sensitivity percentage analysis on the effect of
fiber content and fiber length in FR-CPB against various displacement rates. Regression
and variance analysis can be implemented as pre-peak is primarily linear, and post-peak
is non-linear. Also, a new form of experimental design can be practiced to reduce the time
and total sample number used for future research.

Moreover, future studies should explore the microstructural interactions between fibers
and cementitious matrices better to understand the mechanisms behind strength
enhancement and crack resistance. Additionally, acoustic emission (AE) monitoring can

provide valuable insights into the damage precursors and energy dissipation
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characteristics of fiber-reinforced backfills, further elucidating the role of fibers in
improving material performance. By focusing on these areas, future research can
significantly advance the field of fiber-reinforced mine backfill materials, leading to safer

and more sustainable mining operations.
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