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Abstract

Cemented paste backfill (CPB), as an innovative cementitious material, has been
extensively employed to cost-effectively manage mine wastes, ensure workplace safety, and
improve mine productivity in the mining industry from a sustainable perspective. CPB is an
engineered mixture typically consisting of dewatered tailings (70-85 wt.%), hydraulic
binder (3-7 wt.%), and water to achieve a homogeneous paste. It is usually prepared in a
plant located at the surface of a mine site and transported to refill the underground mined-
out stopes and voids.

CPBs are designed to satisfy an adequate load-bearing capacity for safe mining operations.
The primary geotechnical performance criterion of CPB is mechanical stability, which
ensures resistance against deformation and prevents failure, thereby stabilizing surrounding
rock masses. In parallel, the low permeability of CPB, as an essential environmental design
criterion, plays a pivotal role in ensuring structural stability and long-term durability by
minimizing the migration of aggressive chemicals or contaminants that could otherwise
weaken the CPB structure and pollute groundwater systems. Upon placement, both
mechanical and permeability properties are governed by complex multiphysical processes,
including thermal (T), hydraulic (H), mechanical (M), and chemical (C) processes. However,
cracks may initiate in the CPB matrix as a result of various factors, such as shrinkage,
sulphate attack, initial structural defects, excessive overburden pressure, stresses induced
by surrounding rocks and ground movement, rock bursts, or combined effects of these
conditions, during the curing stage under the interaction of the multiphysical processes. The
progressive generation and propagation of cracks can severely deteriorate the integrity of
the CPB matrix, impairing its mechanical stability, environmental performance, and
serviceability. Moreover, CPB structures often extend tens to hundreds of meters
underground in at least one dimension, which makes manual maintenance and repair of
cracks in CPB structures infeasible in practical manners. Given that, self-healing in CPB
has been proposed as a promising strategy to mitigate crack-induced deterioration. Yet,
existing studies are scarce, focusing primarily on autonomous self-healing with externally
added agents, while the intrinsic autogenous self-healing behaviour of CPB remains
unexplored. Furthermore, the effects of different factors (e.g., multiphysical THMC factors)
on the autogenous self-healing capacity and performance of CPBs have not been
comprehensively evaluated, presenting a critical research gap.

This Ph.D. study addresses this gap through a series of systematic experiments investigating
the autogenous self-healing behaviour of CPB under a wide range of factors/conditions,
including age of cracking, pre-cracking level, crack width, self-healing period, thermal (e.g.,
healing/curing temperature), hydraulic (e.g., drainage condition), mechanical (e.g., different
crack-inducing stresses), chemical (e.g., sulphate content), as well as addition of mineral
additives (e.g., blast furnace slag and fly ash). Self-healing efficiency was evaluated based
on crack closure observations, recovery of mechanical properties (e.g., uniaxial
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compressive strength, deviator stress, indirect tensile strength), recovery of permeability
(e.g., hydraulic conductivity), changes in physical properties (e.g., porosity, void ratio), and
characterization of self-healing products. Results demonstrate that CPB exhibits a
promising autogenous self-healing capability, which is mainly attributed to the precipitation
of self-healing products, primarily consisting of C-S-H, CaCO3, Ca(OH)., ettringite, and/or
gypsum (under sulphate exposure). The relative proportions of these products vary
considerably under different self-healing conditions. Both the age of cracking and the self-
healing period significantly influence the self-healing efficiency of CPBs. The initiated
cracks within the CPB matrix can ameliorate the hydration reactions, favouring the self-
healing performance. Elevated curing temperatures (e.g., 35 °C and 50 °C) significantly
accelerate the self-healing process via enhanced binder hydration, whereas low
temperatures (e.g., 2 °C) exhibit negligible self-healing performance. Internal sulphate
exposure exerts either positive or negative effects depending on sulphate concentration and
self-healing duration. Improved drainage enhances self-healing performance through the
combined effects of increased hydration and microstructural refinement. In the same way,
shear cracks generated under confinement and tensile cracks with small apertures show
favourable healing performance due to advantageous crack geometry within the matrix.
Moreover, the impacts of incorporating mineral additives (e.g., blast furnace slag and fly
ash) on self-healing performance are reflected in their contributions to binder hydration
mechanisms and associated microstructural modifications. To validate and extend these
findings, natural mine tailings with diverse mineralogical compositions were also tested
under site-specific CPB formulations.

The findings of this research provide fundamental insights into the autogenous self-healing
mechanisms of CPB, with significant implications for improving structural design,
mechanical stability, permeability, durability, and environmental performance under field-
relevant conditions. This work also demonstrates a comprehensive scientific basis for
linking laboratory observations to engineering practice and for advancing the long-term
sustainability of CPB systems in underground mining.
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Chapter 1 Introduction
1.1 Background

Mining, as a fundamental engineering field, is indispensable for the modern civilization and
economic development of many nations across the world. Moreover, the significantly
increasing consumption and demand of mineral resources push the mining industry towards
deep areas as surface and near-surface mineral resources are depleted (Dong et al., 2019;
Ranjith et al., 2017). As an illustration, the Kidd Creek Mine in Canada extends to 3,014.3
m below the surface, making it the deepest base-metal mine in the world, while the
Mponeng Gold Mine in South Africa holds the overall record as the world’s deepest mine,
reaching about 4,000 m and in some areas descending even further to nearly 4,100 m. Add
to that, the minerals and metals production in Canada contributed directly $109 billion in
2022, which accounts for 6% of the total gross domestic product (GDP) (Natural Resources
Canada, 2024). However, an enormous amount of mining waste (i.e., tailings) would be
produced during the mining operation and mineral processing (Franks et al., 2011).
According to the UN Environment Programme, approximately 223 billion tonnes (534
billion cubic meters) of waste tailings were present in active, inactive, and abandoned
tailings storage facilities (TSFs) as of 2019, with an estimated additional 40 to 50 billion
tonnes likely to be generated over the next five years as demonstrated in Figure 1-1 (World
Mine Tailings Futures, 2020).

250.0
Y=4.5569x-8993.7
R2=0.9554

200.0 1990-2019

Since 1771, atotalof 223 bn t of

t 150.0 tailings had been generated by 2019.
3 An additional 40-50 bn are expected to
5 be produced over the next 5 years.
Z 100.0
50.0

"
ot
~aad
0.0 J—

1900 1920 1940 1960 1980 2000 2020 2040

Figure 1-1. Cumulative tailings depositions 1915-2019 (adapted from World Mine Tailings
Futures, 2020)

Mining waste management methods generally include surface and underground disposal.
Surface disposal refers to an approach in which tailings are disposed of in TSFs, such as a
dam, pond, or impoundment, usually termed a tailings dam or tailings pond. The tailings are
transported and stored in the slurry phase, consisting of approximately 25-30% solids



(Adiansyah et al., 2015), or through co-disposal techniques (mixing of tailings and waste
rocks) (Yilmaz, 2011; Mark, 2006). However, the surface disposal methods have substantial
potential to induce significant environmental impacts on the nearby communities and
ecosystem, such as mine tailings dust (Entwistle et al., 2019), tailings dam failure (Deng et
al., 2017; Vanden Berghe et al., 2011; Davies, 2001), acid mine drainage (AMD) (Naidu et
al., 2019; Kalin et al., 2006), etc. Moreover, the capacity of the tailings impoundment is
insufficient to meet the requirements of expanding the production of minerals, and the
discharged tailings further generate environmental issues, such as water pollution,
landslides, leaching, and dust, in the fields of the environment, economy, and society. The
mining industry developed a more effective alternative means of tailings disposal-
underground disposal, including cemented hydraulic, rock, and paste backfills, which can
fill underground mined-out voids (stopes) and dispose of the mining tailings properly
(Sveinson, 1999; Grice, 1998; Stone, 1993). Among them, cemented paste backfill (CPB),
standing as an innovative engineered mixture, has been implemented in many modern mines
around the world, especially in Canada and Australia (Yumlu, 2010; Grice, 1998).

CPB is a cementitious material consisting of waste tailings (75-85% solids by weight),
hydraulic binder (3-7% by dry total paste weight), and water. The use of CPB enables the
possibility of placing up to 60% of generated tailings back into the underground, thus
reducing the need for surface tailings impoundment space and rehabilitation expenses
(Yilmaz et al., 2005). In addition, in the design of CPBs, the added hydraulic binder (i.e.,
Portland cement) not only favours the strength development of CPB structure, satisfying the
mechanical requirements to provide ground support and a safe working surface for
machinery and personnel but also reduces the permeability of the CPB matrix, acting as a
barrier to inhibit the oxygen diffusion and underground water seepage, which in turn, reduce
the formation of AMD by increasing acid neutralization potential. Furthermore, the
placement of CPBs underground enhances the ore/pillar recovery to improve productivity
and reduce the ore dilution and loss rate (Coates, 1981), delivering enhanced profitability.

1.2 Problem Statement and Knowledge Gaps

The components of a CPB are combined and mixed in a plant usually located at the surface
of a mine and transported to the underground by pumping and/or gravity (Belem &
Benzaazoua, 2008), where the CPB will fill the mining cavities or stopes and perform the
roles mentioned above. Upon placement, CPBs must meet certain load requirements to
ensure a safe underground working environment for all mining activities. Mechanical
stability stands as the critical geotechnical performance criterion for CPB, with uniaxial
compressive strength (UCS) serving as the most important parameter used in mines to
evaluate the structural integrity of CPB. In addition to mechanical stability, environmental
considerations are also essential in the design of CPB, particularly the sensitivity of CPB to
AMD and its potential to release contaminants into mining areas or groundwater systems.
The susceptibility of CPB to AMD primarily depends on the reactivity of the tailings, which



is influenced by the type and quantity of present sulphide minerals, as well as the
permeability of the CPB matrix. The ease with which fluids, such as air and water, can
infiltrate and flow through the CPB system impacts this reactivity and can be assessed
through the measurement of its hydraulic conductivity (Fall et al., 2009). Furthermore, it is
known that the aforementioned mechanical and hydraulic properties of CPBs are dominated
by the thermal (T, e.g., geothermal gradient, hydration heat, heat transfer), hydraulic (H,
e.g., suction, pore water pressure (PWP) development, water drainage), mechanical (M, e.g.,
in-situ stress, CPB self-weight, filling rate and strategy), and chemical processes (C, e.g.,
binder reactions, contamination dissolution, and precipitation) upon being placed into
stopes (Aldhafeeri & Fall, 2017; Cui & Fall, 2015; Ghirian & Fall, 2015).

During the curing phase, cracks can form in the CPB material or structure ascribed to several
factors, such as excessive stresses generated by the pressure of the CPB overburden, stresses
induced by the closure of rock walls adjacent to or surrounding the CPB structures, rock
bursts, shrinkage, etc. (as illustrated in Figure 1-2 and explicated in Section 2.5.1). The
presence of cracks in CPBs tends to weaken the integrity and mechanical strength of the
structures as well as increase their permeability properties, thus severely compromising
their safety, serviceability, durability, and environmental performance. These weaknesses
have been of deep concern to researchers and practitioners, especially with the current trend
of deep mining, where the stresses induced by rock wall closure and the intensity and
frequency of rock bursts are higher. In addition, CPB structures vary from a few tens to
several hundred meters underground in at least one dimension, which makes manual
maintenance and repair of cracks in CPB structures infeasible in practical manners. As the
problem that frequently appears in conventional cementitious materials (e.g., concrete and
mortar), it is well known that these cementitious materials have a self-healing capability,
which mainly refers to the material having the ability to repair cracks automatically, without
external diagnosis or human intervention. Many studies have been conducted on
cementitious materials to investigate the self-healing (autogenous healing) behaviour and
ability, such as concrete (De Belie et al., 2018; Neville, 2002), mortar (Suleiman & Nehdi,
2021; De Nardi et al., 2017), high-performance fiber reinforced cementitious composites
(Cuenca & Ferrara, 2017; Ferrara et al., 2017), and engineered cementitious composites
(Yang et al., 2011; Yang et al., 2009), to address crack induced problems. However, no
studies have been conducted to date on the self-healing (autogenous healing) ability and
behaviour of CPB and its impact on the recovery of mechanical and permeation properties
of CPB. In addition, due to the significant differences between CPB and conventional
cementitious materials, such as lower cement content and higher water-to-cement ratio in
CPB, and the differing particle size distributions between tailings and aggregates, the
existing findings of conventional cementitious materials cannot be directly applied to CPB
materials. It is essential to bridge this research and technology gap for the reasons outlined
above.



Therefore, to ensure a cost-effective and safe design, as well as to enhance the durability
and environmental performance of CPB structures, this study conducts a comprehensive
experimental investigation to examine the effects of crack damage level, age of cracking,
crack with, self-healing period, temperature, water drainage, crack-inducing stresses, and
sulphate concentration on the self-healing (autogenous healing) behaviour and capacity of
the CPB. Furthermore, the hydraulic binder (i.e., Portland cement in this study) is partially
substituted with fly ash and blast furnace slag to explore the impact of these mineral
additives on the self-healing performance of CPB.
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Figure 1-2. Schematic diagram illustrating various THMC processes and the factors that
induce cracks in a backfill structure (adapted from Ghirian & Fall, 2015).

1.3 Objectives

The main objectives of this doctoral research are to conduct a comprehensive investigation
into the self-healing (autogenous healing) behaviour of CPB subjected to various thermal,
hydraulic, mechanical, and chemical conditions, as well as to assess the effects of mineral
additives, all while considering the multiphysical processes involved. This study holds
significant implications with respect to the structural design, mechanical stability,
permeability, and durability of CPB exposed to practical conditions, providing a profound
understanding of the autogenous self-healing mechanism within the CPB matrix and
valuable guidance for engineering practice. The explicit objectives of this study are as
follows:

« To investigate the existence of self-healing (autogenous healing) behaviour in CPB
material at different curing ages and to understand the self-healing mechanisms, while
evaluating the self-healing efficiency of CPB material through its recovery of
mechanical and permeation properties, as well as crack closure ability.



To study the effects of various multiphysical loading factors on the self-healing

behaviour of CPB at the experimental level. The sub-objectives are achieved by the

following studies of:

1) The effect of chemical factors (sulphate concentrations) on the self-healing capacity
and mechanisms of CPB from the early to advanced self-healing period.

1) The effect of thermal factors (healing/curing temperatures) on the self-healing
efficiency in CPB with different self-healing periods.

ii1) The effect of hydraulic factors (drainage conditions) on the self-healing efficiency
in CPB across different self-healing periods.

iv) The effect of mechanical factors (cracks induced by different types of loading
stresses) on the self-healing efficiency with different self-healing periods.

To explore the variations in the self-healing capacity of CPB resulting from the

incorporation of mineral additives, and to examine their contributions to the binder

hydration and microstructural alterations, as evidenced by the recovery of mechanical

strength and permeability properties.

To provide technical information that enhances the comprehensive understanding of the
self-healing behaviour and capacity of CPB material, as well as to offer fundamental
insights for the maintenance and repair of cracked CPB, improving the durability and
environmental performance of CPB structures.

1.4 Research Approaches and Methods

A comprehensive experimental investigation program, including the specific research
approach and methods, is established and schematically represented in Figure 1-3 to achieve
the aforementioned main objectives. This study consists of the following phases:

Phase I includes the definition of the problem statement and research objectives,
highlighting the research gap in the CPB study and outlining the primary goals to address
this knowledge gap.

Phase II involves a literature review of the theoretical and technical background of this
study, as well as a comprehensive literature review of the existing state-of-the-art
literature related to the self-healing properties of cementitious materials. This phase is
essential in identifying the most effective testing procedures and methods to monitor and
evaluate the performance of the CPB during its self-healing process under various
conditions.

Phase III comprises the experimental work in this research, which consists of three
stages of experiments.

Stage I: This stage includes a pre-requisite study to demonstrate the presence of
autogenous self-healing behaviour in the CPB materials. The CPB specimens are pre-
cracked at three different initial curing (IC) periods (i.e., 3, 7, and 28 days) with five



different pre-cracking levels (i.e., 30%, 50%, 75%, 90%, or 100% of compressive
strength in the pre-peak phase after IC) by the compression loading. UCS, saturated
hydraulic conductivity, and porosity/void ratio tests are performed on the control and
healed pre-cracked specimens to monitor the self-healing capability after the self-
healing period of 1, 7, 28, and 90 days. Meanwhile, the healing performance of
microcracks is observed using a digital microscope. Furthermore, analytical techniques,
including X-ray diffraction (XRD), scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), thermogravimetric analysis (TGA), etc., are conducted to
examine the microstructural changes and characterize the self-healing products.

Stage II: This stage incorporates the study of the effects of thermal (T, healing/curing
temperature), hydraulic (H, drainage condition), mechanical (M, crack-inducing
stresses), and chemical (C, sulphate concentration) conditions on the self-healing
behaviour and capacity of CPB, respectively. On the basis of Stage I, the initial curing
period of 7 days for the studied CPB specimens is adopted before the pre-cracking
process. As the cracks start to appear on the CPB specimens only when the pre-cracking
level reaches 75%, the pre-cracking levels of 75% and 90% are implemented to initiate
the cracks. Additionally, the tests evaluating self-healing efficiency in the recovery of
mechanical and hydraulic properties are conducted at the designated self-healing periods
of 7, 28, and 90 days. One batch of experiments is conducted to study the effect of
temperature (T) on the self-healing performance of CPB with the healing/curing
temperature of 2°C, 20°C, 35°C, and 50°C. Moreover, the hydraulic (H) effect on the
self-healing behaviour is investigated through a batch of CPB specimens under three
different drainage conditions (i.e., full drainage, half drainage, and no drainage), under
which the volumetric water content is also monitored. In addition, the tests concerning
the effects of the mechanical (M) factor refer to the tests conducted on the specimens
pre-cracked under the uniaxial compression, triaxial compression, and indirect tensile
loading, respectively. Furthermore, the effect of the chemical (C) factor on the self-
healing capacity and mechanism is carried out on the specimens with different sulphate
concentrations of 0, 5000, 15000, and 25000 ppm.

Stage I1I: This stage explores the variation in the self-healing capacity of CPB when the
hydraulic binder (i.e., Portland cement) is partially replaced with mineral additives (i.e.,
blast furnace slag and fly ash).

Phase IV incorporates the comprehensive analysis of the experimental results and the
evaluation of the self-healing performance in the CPB with respect to the tested
conditions. The findings in this study provide an innovative perspective on CPB
durability and serviceability research, and recommendations for the maintenance of CPB
structures containing cracks will be provided for the practical problems that on-site
operators and engineers may face in practice.



1.5 Thesis Organization

This thesis is organized into eight main chapters, as presented in Figure 1-4. Below is a brief
overview of each chapter:

Chapter 1 provides a general introduction to this study, including the research problem and
its significance, the primary objectives of the study, the employed theoretical knowledge
and methodology, and a brief overview of the thesis structure.

Chapter 2 delves into the theoretical and technical background of the post-mining
backfilling techniques, with an emphasis on the practice of the CPB technique. This chapter
depicts the design of the CPB mixture and its distribution system. The main geotechnical
features of CPB are described with a focus on its physical, mechanical, and hydraulic
properties. Moreover, background information on cement hydration within the CPB matrix
as well as the multiphysical (THMC) impacting processes, is provided. In addition, the
factors that induce the formation of cracks within the CPB structure are also clarified.

Chapter 3 is a comprehensive literature review of the existing literature related to the
research topic in this study. This chapter covers 1) the use of the CPB technique and its
fundamental properties, ii) scenarios inducing the formation of cracks in CPB structures, iii)
self-healing approaches in cementitious materials and their impacting factors, iv) methods
to evaluate the self-healing efficiency, and v) current studies on the self-healing behaviour
of CPB. The information given in this chapter is essential for better identification and
understanding of the research gap.

Chapters 4 through 6 follow a paper-based thesis format. Note that each technical paper
includes sections for introduction, materials and methods, results and discussions, and
conclusions. While some information may be repeated across chapters, it is necessary to
present the key findings of the Ph.D. research within each paper.

Chapter 4 focuses on investigating the autogenous self-healing behaviour in the CPB
materials (Technical paper I), in which the effect of curing age before pre-cracking and the
effect of pre-cracking levels are examined.

Chapter 5 dedicates attention to the effects of multiphysical (THMC) factors on the self-
healing behaviour and capacity of CPB, consisting of four technical papers. Section 5.2
reveals the effect of sulphate concentration (factor C) on the self-healing performance of
CPB (Technical paper II). Section 5.3 discusses the impact of healing/curing temperature
(factor T) on the self-healing performance of CPB (Technical paper III). The effects of
water drainage (factor H) and crack-introducing stresses (factor M) are presented in
Sections 5.4 and 5.5 (Technical papers IV and V, respectively).

Chapter 6 narrows the scope to the self-healing performance of CPB when it contains
mineral additives (i.e., blast furnace slag and fly ash) (Technical paper VI).



Chapter 7 synthesizes the key results and findings in compliance with the primary
objectives of the study, and provides a comprehensive understanding of the autogenous self-
healing behaviour in CPB under various conditions, indicating significant impacts and
practical implications concerning CPB structure design, mechanical stability, and durability.
The chapter also articulates the research’s key innovations and original contributions,
underscoring how these findings advance current knowledge and practice.

Chapter 8 provides the overall conclusions and suggestions for the maintenance of the CPB
structure. It also outlines the main limitations of the research and provides guidance for
future investigations aimed at further advancing the understanding and practical
implementation of self-healing in CPB.
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Chapter 2 Theoretical and Technical Background

2.1 Introduction

This chapter provides a review of the theoretical and technical background on the fundamental
design of the CPB technique, primary binder hydration mechanisms within its matrix,
multiphysical impacts on the development of geotechnical properties of CPB, and the crack-
inducing factors in the CPB structures. Specifically, the fundamental principle of backfilling
technology is provided in Section 2.2, which specifies its corresponding advantages and
disadvantages in mining waste management, with an emphasis on the CPB technique, including its
recipe design, preparation, distribution, and environmental performance. Subsequently,
multiphysical (THMC) impacting factors that govern the geotechnical features of CPB are
reviewed in Section 2.3. Following this, a detailed introduction to the cement hydration mechanism,
which dominates the mechanical response of the CPB matrix, is presented in Section 2.4.
Furthermore, the potential factors inducing the cracks in the CPB structure are discussed in Section
2.5. By reviewing the established literature and technical advancements, this chapter offers a
comprehensive understanding of the theoretical and technical dimensions of the current CPB study,
ensuring that this study is grounded in both sound theory and robust technical mining practices.

2.2 Backfill Technology

Mining activities typically generate vast quantities of solid wastes, such as tailings and crushed
rocks, positioning the mining industry as one of the world’s largest waste producers, with
approximately 65-80 billion tons of waste generated annually (Adiguzel et al., 2022; Jones & Boger,
2012). The surface disposal of mining wastes poses significant threats to the environment, society,
and economy, including heavy metal mobilization, acid mine drainage, water pollution, landslides,
leaching, and dust generation. With the expansion of the mining industry, insufficient disposal
impoundments, and the resulting environmental challenges, the industry faces growing pressure to
develop and adopt sustainable waste management practices of cemented backfills.

2.2.1 Backfilling Types

Backfills are essential for filling the voids left by ore body extraction in underground mines. They
provide structural support to the surrounding rock, prevent surface subsidence, and minimize the
potential for ground movements. In addition, backfilling helps restore the original rock stress
conditions, contributing to the long-term stability of the mine. From an environmental perspective,
backfilling plays a crucial role by utilizing tailings and other waste materials, thus reducing the
need for surface disposal and lessening the environmental footprint of mining operations. Mine
cemented backfills can be primarily classified into three categories: cemented hydraulic fill (CHF),
cemented rockfill (CRF), and cemented paste backfill (CPB). The selection of a specific backfill
method in underground mining is influenced by several factors, such as the type of mine, stope
geometry, mining depth, availability of resources, and the associated cost of backfilling, which
remains a key consideration in the decision-making process (Landriault, 2001).

12



2.2.1.1 Cemented hydraulic fill (CHF)

Hydraulic fill (HF) was the first continuous method of mine backfilling in the mining industry to
backfill underground stopes/voids with materials transported as a slurry by gravity through
boreholes and pipelines (Martic et al., 2014; Grice, 1998). This fill material, conventionally
composed of unclassified tailings or tailing sands mixed with water, is deposited into mined-out
areas to provide ground support and minimize surface subsidence. The water content in hydraulic
fill is relatively high, where water serves as the medium for transporting materials, allowing them
to flow and settle in place. Once the slurry reaches the designated area, the excess transport water
is drained out through embedded drainage systems, such as sumps or drainage pipes, to prevent
waterlogging and facilitate the settlement of fill materials. Moreover, CHF, a major step forward
by incorporating the binders (i.e., cement), is a mixture of classified tailings, binders (3-5%), and
water, with a range of solid density of 50-70% (Sivakugan et al. 2013, Béket Dalcé et al. 2019),
which has a similar grain size distribution to that of HFs (Rankine et al., 2007). The addition of
cement enhances the structural integrity of the backfill, enabling it to achieve higher strength and
mechanical stability. This makes CHF particularly suitable for use in areas where significant load-
bearing capacity is required, such as beneath active mining levels, while also contributing to
effective waste disposal and reducing environmental impacts. However, the permeable barricades
need to be constructed to retain the backfill and allow the drainage of excess transport water from
HFs before the placement, resulting in an increase in the costs of backfilling operations. Add to
that, excess transport water accumulated in the stopes would lead to water ponding, which increases
the possibility of pipe erosion and potentially causes barricade failure if the water is not promptly
pumped out of the mine. Barricade failures, along with the associated hazards of backfill inrush,
present significant safety risks that demand careful management and proactive mitigation to
address these critical concerns effectively (Grice, 1998).

2.2.1.2 Cemented rockfill (CRF)

CREF, also known as consolidated rock fill, is a material composed of aggregates (e.g., rock
fragments), water, and a hydraulic binder (e.g., cement) in proportions of 1-6% (Jiang et al., 2019;
Emad et al., 2015). CRF is generally prepared by transporting the rock fills to the stope and mixing
with CHF with a ratio of 1:1 to 3:1 (RF:CHF) by weight. During the hydration process, the CHF
binds solid particles and fills the voids between the aggregates. Various factors, constituting grain
size distribution of aggregates, binder content, segregation, mixing ratio, method of placement (e.g.,
backfill raise and impact damage), and water quality, dominate the properties of CRFs (Yu, 2021;
Bloss, 1992). Unlike CHF systems, CRF does not require a drainage system, as the water within
the mix does not seep out. The primary advantage of CRF lies in its cost-effectiveness due to its
relatively low cement consumption (typically 4-6%). In addition, CRF structures exhibit superior
geotechnical features, such as compressive strength, modulus of elasticity, cohesion, and angle of
friction, compared to any other types of fill using the same content of hydraulic binder (Jiang et al.,
2019; Peterson, 1996; Farsangi, 1996). These characteristics make CRF capable of withstanding
active pressures, providing ground support, and enhancing wall rock stability (Emad et al., 2015).
However, the preparation of CRF involves the crushing of quarried rock, which significantly
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increases the costs related to transportation, surface production, and haulage. Moreover, the limited
utilization of waste tailings in the CRF system leaves a substantial amount of tailings requiring
disposal impoundment, thereby failing to fully address environmental concerns (Shrestha, 2008).

2.2.1.3 Cemented paste backfill (CPB)

Paste fill, as a viable alternative to hydraulic slurry and rock fill, was introduced in the mid-1970s
while describing surface disposal of concentrated tailings using pipeline reticulation (Robinsky
1975, 1978) and was first produced at the Bad Grund Mine in Germany in 1979 (Rankine &
Sivakugan, 2007). With the development of paste in the decades, paste fill has become the most
prevalent backfilling method for larger projects mining massive ore bodies employing sublevel
mining systems (Emad et al., 2015). Due to the demand for specific geotechnical loading
requirements, hydraulic binders (typically cement) are also introduced to paste fills such as CPB.
As an engineered mixture composed of waste tailings (75-85% solids by weight), a hydraulic
binder (3-7% by dry total paste weight), and water, CPB has been implemented in many modern
mines around the world (Grice, 1998). The paste fills can obtain a similar strength to rock backfills
by using less cement than hydraulic backfills. It utilizes the full range of tailings, which decreases
the quantity of tailings to be disposed of compared to hydraulic fill and rock fill systems (Emad et
al., 2015), reducing the surface tailings pond accumulation and the costs associated with
constructing and reclaiming tailings ponds during mining. In comparison, rock and hydraulic fills
prefer less solid content or a larger size distribution of tailings. In the same way, the decant water
from paste fills can be virtually eliminated, which lowers costs and reduces associated problems
with barricade setup, shortening the mining cycle and speeding up production. Furthermore, the
existing borehole delivery systems of slurry fills can also be applied to the paste backfill delivery.
The paste backfill system is less complex than the rock and hydraulic fill systems in the preparation
and distribution design. Therefore, CPB can not only solve the safety and environmental issues
caused by mine production and tailings discharge but also maximize the recovery of resources,
which is of great significance for the development of sustainable mining.

2.2.2 Background of Cemented Paste Backfill

The practice of using CPBs to fill extracted stopes has become more commonplace worldwide,
particularly in Canada and Australia (Yumlu, 2010). The use of CPB enables the possibility of
placing up to 75% of generated tailings back into the underground, thus reducing the need for
surface tailings impoundment space and rehabilitation expenses (Ercikdi et al., 2015). For instance,
the Doyon mine extracts and treats 3000 tonnes of gold ore daily. Approximately 60% of the
produced tailings after cyanidation are used as CPB for underground operation. The placement of
CPBs underground not only reduces the surface tailings impoundment but also enhances the
ore/pillar recovery to improve productivity and reduce the ore dilution and loss rate (Coates, 1981),
thus resulting in more profits.

2.2.2.1 CPB mixture design

CPB is usually prepared using dewatered (thickened) tailings with a solid percentage of 70-85 wt.%,
hydraulic binder (typically 3-7 wt.%), and mined processed/fresh water (15-25%) (Fall et al., 2005;
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Belem et al., 2000). Considerations of various factors, such as geomechanical properties,
rheological properties, and environmental performance, are required in the design and optimization
of CPB mixtures to satisfy the required target design criteria (Ghirian & Fall, 2017; Belem &
Benzaazoua, 2008).

First of all, the mechanical stability of CPB stands as the most crucial performance property, which
is predominantly governed by the hydraulic binder (typically Portland cement (PC)) used in the
preparation of CPB mixtures. The mechanical properties of CPB are attributed to the hydration
products (e.g., calcium silicate hydrates, ettringite, and calcium hydroxide) formed by the hydraulic
reactions of added binders, which determine the ultimate strength of CPBs. Generally, the more
cement that is added, the greater the strength that can be attained. However, the cost of binders in
the CPB mixture accounts for up to 75% of the backfilling operations, which makes it an
economically inefficient choice for the mining industry (Hassani et al., 2007; Grice, 1998). In
addition, the PC is susceptible to sulfate attacks when sulfide-rich tailings are used, undermining
the strength development of the CPB structures (Ercikdi et al., 2009). Given that, researchers have
found that PC can be partly substituted or blended with other binders or additives, such as fly ash,
slag, or lime, to reduce costs, enhance strength development, and achieve other desirable properties.
Ercikdi et al. (2009) investigated that even with lower cement percentages, the mechanical strength
was still retained when pozzolanic minerals and chemical additives were used as an alternative
binder in the CPB mixture. Also, alkali-activated slag cement can prevent mechanical strength loss
under aggressive conditions, and its cost is considerably lower than that of PC (Xue et al., 2018).
Similarly, fly ash is usually used to achieve benefits, such as reducing the cement content to reduce
costs, improving the workability and rheological properties, and ensuring the required long-term
strength in backfill. Thus, the partial replacement of cement or blending with mineral additives not
only reduces the cost of CPBs but also lowers the overall energy required to produce cementitious
materials, as well as decreases carbon dioxide emissions (Nwankwo et al., 2020).

Additionally, the impact of rheological properties on CPB is crucial in determining the design of
distribution and placement systems, such as tank dewatering systems, retention time, backfill
formation rates, and underflow discharge systems, which influence flow resistance and pipeline
pressure loss. Paste backfill typically generates higher pipeline pressure than slurry backfill,
necessitating stronger pipeline support. Previous studies have revealed that several factors,
including cement content, particle size distribution (PSD) of tailings, water-to-cement (w/c) ratio,
and tailings density, significantly affect the rheology of CPBs (Benzaazoua et al., 2004; Fall et al.,
2008). In particular, the proportion of fine particles (less than 20 pm) in the tailings strongly
influences the slump, strength gain, porosity, pore size distribution, and water drainage ability of
the CPB (Fall et al., 2005). CPBs made from fine tailings usually exhibit lower strength. In most
cases, the CPB mixture must contain at least 15% by weight of particles less than 20 um in diameter
to retain sufficient water forming a paste (Kesimal et al., 2005). Besides, waste rocks and
admixtures (e.g., superplasticizers) can be used to improve the PSD and consistency to optimize
the properties of CPBs (Hane et al., 2017; Yang et al., 2018). Add to that, extra water is usually
added to ensure the pumpability of the CPB, resulting in a volumetric water content that
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consistently exceeds the hydration requirements of the cement (Belem and Benzaazoua, 2008),
which is significantly higher than that of concrete. Increasing the w/c ratio reduces the number of
particle-particle contacts and increases the thickness of the lubricating film around the particles,
facilitating particle sliding and thus reducing the yield stress (increasing fluidity) of the CPB
mixtures (Zhao et al., 2020). However, a higher w/c ratio inversely impacts the strength
development of the CPBs (Galaa et al., 2011; Yilmaz et al., 2014).

Furthermore, the quality of the mixed water affects the hydration of the binders within the CPB
matrix. Freshwater, which contains minimal concentrations of chemicals, is typically used in
laboratory preparations of CPBs to eliminate the effects of soluble chemicals on performance.
However, heavy metals and chemicals, such as zinc, lead, sulfate, etc., would be present in the
mine process water. For instance, the existence of sulfate salts or the low pH of acidic water would
deteriorate the cementitious bonds within the CPB structures, resulting in a reduction in strength,
durability, and stability (Belem and Benzaazoua, 2008).

Last but not least, environmental protection is a critical consideration in all mining activities,
necessitating efforts to minimize the environmental impact of waste at every stage of the process.
Tailings management is a key aspect of waste management. Traditionally, mining industries have
used waste rock as underground support and for waste disposal. The introduction of hydraulic
slurry backfills reduced the volume of surface tailings by sending coarse tailings underground, but
fine particles were excluded. These leftover fine particles have caused significant environmental
issues, such as leaching from tailings ponds, landslides, and dust pollution. The adoption of CPB
offers several environmental benefits. It creates a safer material for underground backfill and
surface disposal, reduces the accumulation of tailings in ponds, and potentially eliminates the need
for impoundments for reactive tailings. At the same time, mining is a commercial venture, and
profitability is essential for sustaining operations. Backfilling often represents a substantial portion
of mining costs. These costs are influenced not only by material expenses but also by site-specific
factors. For instance, the location of the mine plays a crucial role; remote mines far from supply
sources may face significantly higher transportation costs. Additionally, in such remote locations,
electricity expenses can be considerable, especially if hydroelectric power is unavailable.

2.2.2.2 CPB mixture preparation

Tailings discharged from milling processes usually have a low solid concentration of 35-60%.
These tailings are initially sent to a hydrocyclone and thickener for desliming, where a part of the
fine particles is eliminated at the overflow and the solid concentration is increased to approximately
75%, meeting the minimum requirement for CPB preparation (Ghirian, 2016). To date, two main
techniques of tailings dewatering are commonly utilized, including the two-stage dewatering
system, which combines a high-efficiency thickener followed by a vacuum filter, and the one-stage
thickening process using a deep cone thickener (DCT) (Wang et al., 2014; Schoenbrunn, 2011).
The DCT can simplify the traditional dewatering process while achieving an adequate underflow
concentration. In contrast, the two-stage thickening method is often associated with high costs,
increased energy consumption, and reduced system reliability, particularly when processing
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tailings with large quantities of fines (Wu et al., 2015). After thickening, the tailings report to the
holding tank. From the holding tank, the thickened tailings are fed by gravity to the disc filter to
decrease the number of ultrafine particles (i.e., particles less than 5 pm in size) in tailings (Fang,
2021). The tailings are discharged and weighed on a belt conveyor, then transported to a screw
mixer, where the tailings are combined with the predetermined quantity of binder, water, and other
admixtures to create the final CPB mixture. The processes are schematically represented in Figure
2-1.
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Figure 2-1. Design flowchart of backfill preparation system (Quan, 2021).

2.2.2.3 CPB mixture distribution and placement

The distribution and placement system aims to transport the homogeneous CPB mixtures from the
ground surface mixing plant to the underground stopes/voids. The fresh CPB mixture is typically
transported through a network of pipelines to the designated backfill area, which may include
vertical boreholes (gravity-driven) and/or horizontal pipelines (pumping), as illustrated in Figure
2-2. To maintain the flowability of the paste and prevent blockages, the rheological behaviour of
the non-Newtonian fluid CPB mixture, such as slump, viscosity, and yield stress, is determined to
optimize the design of the pipeline system. In practice, the standard slump test is a common method
to measure the rheological properties of the CPB in the mining industry due to its simplicity, which
can measure the consistency of the CPB mixture for transportability (Deng et al., 2018; Belem &
Benzaazoua, 2008; Clark et al., 1995). The desirable slump of paste backfill is in the range of 150
mm to 250 mm to ensure that the paste has adequate flowability for pumping and placement while
maintaining sufficient stability to prevent segregation or excessive water bleeding (Landriault et
al., 1997). Moreover, to comprehensively assess the rheological behaviour of the CPB mixture,
tests such as yield stress, viscosity, and vane shear are conducted to determine the required pressure



gradient for pumping systems or the maximum horizontal distance achievable in gravity-driven
systems, both of which are critical for the performance of pipeline transport and material placement
(Saremi, 2024). Moreover, additional factors such as mine layout, stope geometry, flow rates, pump
selection, pipe diameter, etc., should be considered to accommodate the specific requirements of
each mining operation.
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Figure 2-2. Schematic representation of backfill delivery system (Belem & Benzaazoua, 2008).

2.3 Background of Cement Hydration

2.3.1 Portland Cement

Portland cement has been the most widely used material in engineering construction since its
inception, owing to its advantages such as ease of preparation, high compressive strength,
adaptability to various shapes, and durability (Mehta, 1999). According to ASTM C150/C150M,
Portland cement (PC) can be categorized into five types: Type I, II, III, IV, and V. Type I and II are
designed for general use, Type III favours the early strength development, Type IV is characterized
by a low heat of hydration, and Type V provides high sulfate resistance. Among these, ordinary
Portland cement (OPC or Type I) is commonly employed as a hydraulic binder in the preparation
of CPBs, primarily contributing to the development of properties within the CPB structure through
bonding tailings particles and hydration products (Fall et al., 2009). Moreover, numerous studies
have explored the partial replacement of OPC in CPB mixtures with pozzolanic materials such as
blast furnace slag and fly ash (Behera et al., 2021; Bull & Fall, 2020; Zhao et al., 2020; Jiang et al.,
2019; Belem et al., 2000). This approach not only reduces the costs associated with OPC usage in
mine backfilling operations but also enhances the mechanical and rheological properties of CPBs.

2.3.2 Hydration Process

Ordinary Portland cement (OPC) primarily comprises lime (CaO), silica (SiO2), alumina (A>O3),
iron oxide (Fe>03), magnesium oxide (MgO), and sulfur trioxide (SO3). The first three components
predominantly influence the properties of cement, while the remaining components exert
secondary effects (Rankin, 1915). During clinker production, these oxides interact at high
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temperatures in a kiln, resulting in the formation of key crystalline phases: tricalcium silicate (C3S),
dicalcium silicate (C2S), tricalcium aluminate (C3A), and tetracalcium aluminoferrite (C4AF) with
typical constitution approximately of 26-53%, 16-54%, 3-15%, and 8-12% of the clinker
composition, respectively, which also govern the chemical, physical, and mechanical properties of
hardened cement paste through hydration reactions (Cui, 2017; Telschow et al., 2012; Hansen et
al., 1973). When OPC is mixed with water, hydration reactions start immediately to produce three
primary hydration products, including calcium silicate hydrate (C-S-H), calcium hydroxide
(Ca(OH)2 or CH), and calcium sulfoaluminate (ettringite, 3Ca0O-Al,03-3CaS04-31H,0). C-S-H,
formed from the hydration of C3S and C-S, is the primary binding and strength-conferring product,
accounting for approximately 60% (by volume) of the total hydration products in hardened cement.
It is characterized by its amorphous and poorly crystalline nature (Ghirian, 2016). CH, a by-product
of hydration, constitutes around 20% (by volume) of the total hydration products and is identified
by its thin to large hexagonal crystal structure (Double, 1983). Ettringite, formed from the reaction
of tricalcium aluminate (C3A) with gypsum, is a needle-like crystalline compound responsible for
controlling the setting time of cement paste. A schematic representation of the Portland cement
hydration process and the morphology of hydration products are shown in Figure 2-3 and Figure
2-4.

The hydration process of Portland cement involves a series of chemical reactions between the
cement particles (e.g., clinkers, gypsum) and water, which results in the hardening and strength
development of the cementitious material. In addition, the hydration of cement is an exothermic
process that generates a considerable amount of heat (Swaddiwudhipong et al., 2002). This intricate
process can be divided into four key phases (Aldhafeeri, 2018; Scrivener et al., 2015; Bullard et
al., 2011; Ylmén et al., 2009; Gartner et al., 2002; Neville, 1995).

1) [Initial reaction/Pre-induction phase: The hydration process immediately begins when
water is introduced to cement. During the first 30 minutes, rapid reactions occur between
tricalcium aluminate (C3A) and water, leading to significant heat release. The dissolution
of aluminates, gypsum, and a portion of tricalcium silicate (C3S) also takes place.
Additionally, alkali sulfates (i.e., NaxSO4 and K2SO4) and gypsum (CaSOs) dissolve,
releasing ions such as K*, Na*, Ca*", OH", and SO?{ into the pore water. These ions react
with C3A to form ettringite, while a small amount of C3S and dicalcium silicate (C2S) react
to produce initial calcium silicate hydrate (C-S-H) gel and calcium hydroxide (CH). Both
reactions are exothermic, generating the first heat peak, as shown in Figure 2-5.

i1) Slow reaction/Dormant phase: Following the initial reactions, the generated ettringite and
C-S-H gel precipitate onto the surfaces of unhydrated C3S and C,S particles. This
precipitated layer acts as a barrier, inhibiting further water ingress and temporarily slowing
down the hydration reactions. This phase, which lasts approximately 30 minutes to 3 hours,
generates minimal heat. It provides the necessary workability of the cement paste, allowing
it to be placed and compacted before hardening begins.

19



iii) Acceleration phase: At the end of the dormant phase, the protective barrier on the cement
particles destabilizes due to chemical and physical changes. Factors such as osmotic
stresses from high ion concentrations (i.e., Ca’*, OH"), increased kinetic energy from rising
temperatures, and pressure-induced cracking due to the volume expansion of hydration
products (i.e., C-S-H and CH) contribute to the breakdown of this layer. The exposure of
unhydrated particles to water allows hydration to resume at an accelerated rate, particularly
the reaction of C3S. During this phase, the formation of C-S-H gel and CH increases
significantly, accompanied by a peak in heat generation. This stage also leads to pore
structure refinement and the setting of the cement paste.

iv) Deceleration phase: As the hydration progresses, the availability of water and unhydrated
cement particles decreases, which decelerates the reaction rate. The produced hydration
products continue to fill the pore spaces, further refining the pore structures. Heat
generation declines but persists at a low level over time. During the later stages, the
hydration of C>S becomes more prominent, contributing to long-term strength development,
which can continue for years as long as unhydrated particles and moisture are available.
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Figure 2-3. Schematic diagram of cement hydration processes (Ghirian, 2016).
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Figure 2-4. Morphology of cement hydration products (Othman et al., 2023).
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Figure 2-5. Rate of cement hydration subjected to curing time (Bullard et al., 2011)

2.4 Properties Development of CPB

CPB structure serves as the structural support in the underground mined voids, where its ability to
withstand stresses from overburden, overlying or surrounding rock masses, or ground movement
1s essential for maintaining the stability of the mine site. A thorough understanding of the properties
of CPB and the factors influencing them is crucial for optimizing its performance and ensuring the
reliability of the designed backfill structure. This section provides a comprehensive overview of
the primary properties of CPB, including the physical, thermal (T), hydraulic (H), mechanical (M),
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and chemical (C) characteristics, as well as an analysis of the factors influencing these properties
and their interactions.

2.4.1 Physical Properties and Influencing Factors

The physical properties of CPB, such as porosity (or void ratio), density (or unit weight), water
content, and degree of saturation, significantly influence its geotechnical performance. Numerous
laboratory and in situ studies (Liu et al., 2018; Ghirian & Fall, 2015; Yilmaz et al., 2011; Fall et al.,
2005; le Roux et al., 2005; Pierce, 1999) have explored the evolution of these properties during the
curing process. These studies have identified that the physical properties of CPB are influenced by
various individual or combined factors, including tailings characteristics (e.g., fineness, density,
mineralogy), mixing recipe (e.g., binder content, binder type, w/c ratio), backfilling strategies, and
curing conditions (e.g., temperature, curing stress, drainage conditions).

Tailings, as the primary constituent of CPB, determine the key properties, such as particle size
distribution and mineralogy, which affect the microstructure, density, cohesion, and strength
development within the matrix. Fall et al. (2005) evaluated the impact of tailings particle size and
density on CPB quality and found that fine tailings (<20 pm) significantly increase porosity and
change the pore size distribution, reducing water drainage and strength development while
increasing water demand for a given consistency. Specifically, the overall porosity and void ratio
are increased when increasing the portion of fine tailings used for the mixture, thus contributing to
the reduced strength gain. In addition, the presence of sulphide minerals in tailings adversely affects
the strength and durability of the CPB through two primary mechanisms. First, high sulfate content
inhibits binder hydration, particularly during the early hydration of CsA. Second, the formation of
expansive minerals such as ettringite and gypsum causes volumetric expansion, generating
pressure and microcracks, which degrade the CPB matrix. The combined effect of reduced
hydration and the formation of expansive minerals results in significantly increased porosity,
decreased mechanical strength, and compromised long-term stability. However, under controlled
conditions, the precipitation of expansive minerals can refine the pore structure (i.e., porosity
reduction with lower sulfate content) and positively contribute to strength development.

The components of the designed CPB, such as binder content and type, also play a critical role in
determining the physical properties. OPC is the typical binder used in the preparation of CPB in
the mining industry, while other minerals, such as fly ash, silica fume, and blast furnace slag, are
also added to reduce the binder consumption and enhance strength. For example, Yilmaz et al.
(2011) reported that increasing binder content (i.e., OPC-slag at a ratio of 20:80 wt.%) refines
porosity and reduces average pore diameter due to the formation of more hydration products. Qi et
al. (2005) investigated the compressive strength and microscopic characteristics of CPB by
employing fly ash at an early age (up to 28 days). The results revealed that the porosity decreases
and the compressive strength of CPB increases with the increase of fly ash dosage, ascribed to the
higher pozzolanic activity and fewer large pores. Add to that, the enhancements of high pozzolanic
content also improve resistance to sulphate attack, contributing to the long-term stability of CPB,
particularly when sulphide tailings are incorporated (Kesimal et al., 2005).
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Water content in CPB mixtures is another critical factor influencing their physical properties.
Additional water is typically added to ensure workability and pumpability during the design and
preparation of CPB. However, increasing the w/c ratio reduces particle-particle contact and
increases the thickness of the lubricating film, decreasing the yield stress (increasing fluidity) of
the mixture (Zhao et al., 2020). Despite its benefits for handling, high water content often exceeds
the hydration requirements of cement, leading to increased porosity and reduced strength (Belem
and Benzaazoua, 2008). Lowering the w/c ratio generally reduces porosity and improves
compressive strength by filling capillary voids with hydration products, which dominate CPB
strength development (Y1lmaz et al., 2014; Yilmaz et al., 2011). Moreover, water quality plays a
critical role; while freshwater minimizes chemical interference, mine process water containing
heavy metals or sulfates can attack cementitious bonds, deteriorating CPB microstructure, strength,
and stability (Belem and Benzaazoua, 2008).

Due to challenges associated with in situ sampling and testing, such as limited access to backfilled
stopes, operational interruptions, costs, and safety concerns, data on in situ physical properties of
CPB are limited (le Roux et al., 2005; Pierce, 1999). To simulate field conditions, Ghirian and Fall
(2013, 2014) developed a curing cell system at the University of Ottawa that accounts for curing
stress, time, filling rate, and drainage conditions, integrating multiphysical THMC processes. Their
findings revealed that the application of curing stress reduces porosity regardless of drainage
conditions or filling rates. This reduction is attributed to the densification of the CPB matrix under
stress. Additionally, under drainage conditions, the removal of excess water facilitates a faster
settlement of suspended solids and denser packing of the CPB matrix while under pressure,
resulting in a further decreased porosity and void ratio.

2.4.2 Mechanical Properties and Influencing Factors

The mechanical properties of CPB are among the most critical design criteria, as CPB structures
must meet specific loading requirements to ensure a safe underground working environment for
mining activities (Fall et al., 2010). Extensive research has been conducted using various tests,
including uniaxial compressive strength (UCS), triaxial compression, direct shear, indirect tensile,
and consolidation tests, to evaluate the mechanical characteristics of CPB. These studies focus on
parameters, such as different strength measures, stress-strain behaviour, modulus of elasticity,
Poisson’s ratio, cohesion, and internal friction angle. A comprehensive understanding of these
mechanical properties is essential for designing reliable CPB structures and assessing their short-
and long-term performance after placement.

Triaxial shear tests are widely employed to evaluate the shear strength, cohesion, internal friction
angle, and failure envelope of CPB materials under various influencing factors, including tailings
characteristics (e.g., particle size distribution; Wu et al., 2018), binder type and content (Behera et
al., 2020; Belem et al., 2002; de ARAUJO et al., 2017), curing conditions (Wang et al., 2020), and
drainage conditions (e.g., temperature and drainage; Xiu et al., 2022). For instance, Fall et al. (2007)
conducted triaxial compression tests varying the curing time and confinement ratio (the ratio of
confinement stress to UCS). Their findings indicated that deviator stress (peak stress) increased
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with a higher confinement ratio, though the rate of increase diminished at higher confinement levels.
They also observed that an increase in confinement reduced the elastic modulus, a relationship
influenced by the UCS of the CPB. Based on their results, a formula was proposed to predict the
effect of confinement on the elastic modulus. Xiu et al. (2022) further explored the mechanical
parameters of CPB using triaxial compression tests, analyzing the results within the Mohr-
Coulomb criterion framework to assess the effects of drainage conditions and curing temperatures.
The study revealed that higher lateral constraints led to a linear increase in peak deviator stress and
an exponential increase in ultimate axial strain, accompanied by an enhanced elastoplastic stage.
Additionally, they reported that prolonged curing time, elevated curing temperatures, and drained
curing conditions significantly improved peak deviator stress and cohesion but reduced the internal
friction angle. These findings imply the critical role of shear mechanical parameters in influencing
vertical stress distribution within CPB structures. Direct shear tests have also been utilized to
measure the shear strength parameters at CPB-rock and CPB-CPB interfaces (Guo et al., 2020; Xu
et al., 2019; Nasir & Fall, 2008). For example, Koupouli et al. (2006) examined the shear strength
of CPB-CPB and CPB-rock wall interfaces at short curing times (<7 days) and found that the
mobilized shear strength at the CPB-CPB interface was higher than at the CPB-rock interface under
identical normal stress, regardless of cement content. Fang (2021) extended this work by
conducting a series of laboratory tests to evaluate the effects of sulfate content, temperature, curing
stress, drainage conditions, interface roughness, and their interactions (THMC effects) on the shear
behaviour of CPB-rock interfaces. These studies provide valuable insights into the stability of
backfill structures and contribute to their improved design.

The tensile strength of CPB is an important property for evaluating its ability to resist cracking and
failure under tensile stresses, which are frequently encountered in underground mining
environments. Both direct tensile test and indirect (Brazilian) tensile test have been employed to
evaluate the tensile strength of CPBs (Guo et al., 2021; Pan & Grabinsky, 2021; Jafari & Grabinsky,
2021; Johnson et al., 2015). Among these methods, the indirect tensile test is more commonly used
for brittle materials like CPB due to its simplicity in specimen preparation and the practicality of
utilizing standard compression testing equipment. Tang et al. (2023) conducted a comparative study
on the tensile strength of cemented tailings backfill (CTB) using both Brazilian and direct tensile
tests. Their results revealed similar trends in tensile strength across variations in binder content,
solid mass content, and curing time for both methods. However, tensile strength values obtained
from the Brazilian test were generally lower due to the influence of the Poisson effect. To address
this discrepancy, the authors proposed a linear correlation to enhance the accuracy of Brazilian test
results for field applications.

The UCS test is the most widely used method to evaluate the mechanical performance of CPB at
mines due to its simplicity, cost-effectiveness, and efficiency (Fall et al., 2010; Belem &
Benzaazoua, 2008). The required UCS of a CPB structure largely depends on its intended purpose
and the geotechnical loading requirements under varying geological conditions. For instance, CPB
used for underground disposal or stope backfilling generally requires low compressive strength
(e.g., 150-300 kPa), whereas backfill designed for free-standing or roof support typically demands

24



higher compressive strength, ranging from 1 to 4 MPa (Belem & Benzaazoua, 2008; Fall et al.,
2005; Grice, 1998). Numerous studies have investigated the factors influencing the short- and long-
term compressive strength development of CPB, which can be broadly categorized into two
categories: internal factors, including tailings characteristics (e.g., particle size distribution,
compositions), binder type and content, w/c ratio (water content), mixing water; and external
factors, including curing time, curing conditions (e.g., curing stress, temperature, humidity),
drainage conditions, and backfilling strategies (e.g., placement method, filling rate).

The characteristics of tailings, including particle fineness, density, and sulphide content,
significantly influence the UCS evolution of CPB. Specifically, the proportion of fine particles (<
20 um) strongly affects strength development, porosity, pore size distribution, and water drainage
ability (Fall et al., 2005). CPBs with higher fine particle content generally exhibit lower strength.
A minimum fine particle content of 15% by weight is typically required to retain sufficient water
for paste formation. Additionally, the chemical composition of the tailings plays a pivotal role. For
example, sulphide minerals can oxidize in the presence of oxygen and water, producing sulphate
ions that inhibit binder hydration and promote the formation of expansive secondary minerals like
ettringite, which can weaken the CPB matrix (Fall & Pokharel, 2010; Benzaazoua et al., 2002). On
the other hand, reactive aluminosilicates in the tailings may enhance strength through pozzolanic
reactions with lime released during cement hydration (Ouffa et al., 2020; Hadi et al., 2018). Factors
such as the pH of tailings and contaminants, including heavy metals and organic compounds,
further influence hydration, setting time, and mechanical properties (Kasap et al., 2022; Kesimal
et al., 2005).

The development of mechanical properties in CPB is driven by the hydration products (e.g.,
calcium silicate hydrates, ettringite, and calcium hydroxide) formed by binder reactions, typically
using OPC. Increasing the binder content generally enhances strength, but the cost of the binder
can account for up to 75% of backfilling operations, making cost optimization essential.
Consequently, studies have explored partially replacing OPC with supplementary materials such
as slag or fly ash. For example, Jiang et al. (2020) found that replacing OPC with alkali-activated
slag significantly increased strength after 28 days of curing, achieving UCS values of 3 MPa with
an 8% binder content. Similarly, fly ash replacement has been shown to improve strength due to
enhanced bonding between tailings particles and binder hydration products (Zhou et al., 2021; Zhao
et al., 2020).

The w/c ratio also dominates the strength development of CPB. The reduction in w/c would result
in an increase in strength regardless of the binder content. This enhancement in strength is mainly
attributed to the decreased overall porosity of the backfill and the higher binding between particles,
thus contributing to the rapid strength development (Fall et al., 2008; Galaa et al., 2011; Y1ilmaz et
al., 2014). Additionally, the chemistry of mixing water can impact hydration. For instance, high
sulphate concentrations in water can inhibit early-stage cement hydration, delaying strength
development (Fall & Pokharel, 2010; Pokharel & Fall, 2013). In contrast, water containing
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chlorides may promote early hydration but can compromise long-term durability due to corrosion
(Ouyang et al., 2022; Tian et al., 2023).

External factors, such as environmental and operational conditions during curing, significantly
influence the mechanical properties of CPB. Curing stress enhances particle packing, accelerates
binder hydration, and promotes the formation of hydration products, resulting in a refined
microstructure, reduced porosity, and increased compressive strength (Yilmaz et al., 2011, 2014).
Additionally, it is noted that the drainage of excess pore waters within fresh CPB mixture
contributes to the strength increment as the drainage of excess pore water results in the reduction
in the total porosity and void ratio of backfilling, thereby increasing the strength. Moreover, the
increase in curing temperature accelerates the hydration process. The enhanced cement hydration
produces more hydration products, refining the pore structure and enhancing cohesion and strength
(Fall et al., 2010). Furthermore, faster filling rates generally result in higher UCS values due to
increased particle packing density under curing stress (Ghirian & Fall, 2016). However, rapid
filling can generate high PWPs during the early stages, reducing effective stress and inhibiting
binder hydration. Moreover, rapid loading can cause microcracking at points of contact between
cement hydration products, compromising the structural integrity of CPB.

In summary, understanding and optimizing the mechanical properties of CPB allow for more
efficient material use and cost reduction. For example, tailoring the mix design to achieve adequate
strength without excessive binder content can lower material costs while maintaining performance.
Thus, the mechanical properties of CPB are not only fundamental to ensuring its structural integrity
but also critical for the overall efficiency, safety, and sustainability of mining operations.

2.4.3 Thermal Properties and Influencing Factors

The thermal properties and processes of CPB materials can be classified into two main categories:
intrinsic thermal properties and external thermal factors. Intrinsic thermal properties, such as
thermal conductivity, specific heat capacity, and thermal expansion, are inherent to the composition
and structure of the CPB. These properties are influenced by various factors, such as binder type
and content, tailings mineralogy, curing age, curing temperature, porosity, and degree of saturation,
which govern the heat transfer, retention, and expansion behaviour of the CPB matrix.

Thermal conductivity is a key intrinsic property of CPB, reflecting its ability to transfer heat.
Célestin and Fall (2009) conducted a study using a KD2 thermal properties analyzer to
quantitatively investigate the effects of different influencing factors on the thermal conductivity of
CPB by using a KD2 thermal properties analyzer. The results revealed that CPBs with higher quartz
content exhibit greater thermal conductivity due to the high thermal conductivity of quartz (7.7
W/(m-K)), which is significantly higher than that of other minerals commonly found, such as
amphibole (3.46 W/(m-K)), feldspar (2.25 W/(m-K)), and mica (2.03 W/(m-K)). Additionally,
components such as water (0.56-0.64 W/(m-K)) and Portland cement (0.3-1.3 W/(m-K)) contribute
much lower conductivity in the CPB mixture (Wolterbeek & Hangx, 2023). The study also
demonstrated that the thermal conductivity of CPB decreases as the content of fine-grained tailings
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increases. Increased tailings fineness reduces the gradation and packing density of the material,
resulting in higher porosity and void ratios. This increased porosity introduces more void spaces
filled with air or water, which have significantly lower thermal conductivity, thereby reducing the
overall thermal conductivity of CPB (Ghirian & Fall, 2013; Célestin & Fall, 2009). However, the
mixing parameters, such as binder type and content, water content, and the presence of sulphate,
appear to have a minor influence on the thermal conductivity of CPBs. Furthermore, Célestin and
Fall (2009) observed that thermal conductivity decreases as specimen temperature increases.
Notably, a significant drop in thermal conductivity occurs when temperatures exceed 50°C. This
phenomenon is attributed to accelerated hydration at higher temperatures, which increases the
water consumption rate. Simultaneously, elevated temperatures enhance water evaporation. The
combined effects of self-desiccation and evaporation reduce the degree of saturation within the
CPB matrix, leading to the partial replacement of water in voids with air. Since air has an extremely
low thermal conductivity (0.025 W/(m-K)) under ambient conditions, this substitution markedly
lowers the overall thermal conductivity of CPB.

On the other hand, external thermal factors, such as geothermal gradients, ambient temperature
fluctuations, and heat generated during binder hydration, significantly impact the thermal
performance of CPB under site-specific conditions. Among them, the exothermic reactions during
binder hydration are the primary source of heat within CPB structures. During the curing process,
a considerable amount of heat is released (Nasir & Fall, 2009). Given the large dimensions of
underground CPB structures, this heat is effectively retained, and when combined with heat
generated during pipeline transportation, the temperature within the CPB structure can rise
substantially, reaching up to 50°C or even higher (Fall et al., 2010; Thompson et al., 2012). As
previously discussed, the binder hydration process highly depends on various factors, including
binder dosage, water content, curing conditions, backfilling strategy, etc. Then, the geological
conditions significantly impact the temperature due to the geothermal gradients. The exposed rock
mass can be the heat load source in any deep-level mining operation, which means those near
geothermal sources would experience higher temperature levels with deeper mines (Menéndez et
al., 2019; Wagner, 2023). Additionally, the geographical location of a mine affects the thermal
behaviour of backfill structures, especially those situated at relatively shallow depths. In such cases,
the regional climate and ambient conditions can have a noticeable impact on CPB temperature
(Sheshpari, 2015; Fall et al., 2010). Moreover, self-heating caused by the exothermic reactions of
sulphide minerals, either within the backfill or in the surrounding rock mass, can further raise
temperatures (Rosenblum et al., 2001). However, human-induced heat sources, such as machinery
operation and blasting activities, typically have a minor influence on the thermal behaviour of
large-scale CPB structures due to their transient and localized nature (Fall et al., 2010).

The effects of temperature on CPB materials have been extensively studied (Jiang et al., 2020;
Zhao et al., 2020; Aldhafeeri et al., 2016; Fall et al., 2010; Nasir & Fall, 2010). For example, it has
been demonstrated that moderate temperature increases (below 35°C) can enhance the compressive
and split tensile strengths, shear stress at the CPB-rock interface, modulus of elasticity, and
microstructure of CPB specimens. This improvement is primarily attributed to the accelerated
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cement hydration process (Fall et al., 2010; Fang & Fall, 2018). Furthermore, the increasing
temperatures would increase yield stress and viscosity of the CPB mixture, which are not
favourable to the transportation process (Wu et al., 2013). This deterioration occurs as a result of
the coupled effects: (i) the decomposition of hydration products, (ii) the development of
microcracks at the interfaces between tailings and the cement matrix, and (iii) the formation of
larger cracks due to the excessive water vapor pressure at temperatures exceeding 400°C. These
factors collectively contribute to the structural weakening and failure of the CPB material.

2.4.4 Hydraulic Properties and Influencing Factors

The primary hydraulic properties and processes in CPB materials include hydraulic conductivity
and the generation of pore water pressure (PWP), both of which are critical for understanding water
movement and stability in CPB systems.

Hydraulic conductivity determines the rate at which water flows through the CPB matrix and is a
key indicator of the permeability and integrity of the material. Studies have been conducted to
investigate the evolution of hydraulic conductivity (i.e., saturated hydraulic conductivity, ksa) of
CPBs subjected to different factors, such as mix components, porosity, binder content, sulphate
presence, curing time, curing temperature, mechanical damage, etc. The hydraulic conductivity of
CPB is highly dependent on the binder dosage and type. Increased cement dosage reduces hydraulic
conductivity by increasing the precipitation of hydration products, which contributes to
microstructure refinement (Fall et al., 2009). The type of binder also influences hydraulic
conductivity. For instance, partial replacement with slag introduces both filler and pozzolanic
effects, with the impact varying based on curing time (Wu et al., 2019; Alhomair et al., 2017; Fall
et al., 2009). As aforementioned, a lower w/c ratio accelerates binder hydration at early ages,
refining pore structures, blocking pore connectivity, and reducing permeability while increasing
strength.

Curing conditions also play a significant role. Hydraulic conductivity decreases as curing
temperature increases, primarily due to accelerated hydration and pore filling (Pokharel & Fall,
2013; Fall et al., 2009). The presence of sulphates introduces positive and negative effects. At early
curing stages (0-28 days), CPBs with high sulphate concentrations (i.e., 15,000-25,000 ppm)
exhibit higher hydraulic conductivity because sulphates inhibit cement hydration, resulting in a
more porous matrix. Over time, CPBs with high sulphate content show reduced hydraulic
conductivity due to the precipitation of secondary hydrated minerals in the capillary pores,
including gypsum and ettringite. However, at advanced curing stages (e.g., 90 days), the formation
of excessive amounts of expansive minerals (ettringite, gypsum) in the CPB with high sulphate
contents exert excessive pressure in the CPB structure, resulting in the formation of microcracks,
thus causing an increase in the permeability of the CPBs (Li & Fall, 2016; Pokharel & Fall, 2013).
The coupled effects of sulphate and temperature on hydraulic conductivity have also been studied.
Higher curing temperatures typically reduce hydraulic conductivity by enhancing hydration and
pore filling, except in high-sulphate environments (25,000 ppm at 50°C), where destabilization of
ettringite and sulphate adsorption by C-S-H gel led to increased hydraulic conductivity (Pokharel
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& Fall, 2013). During the service life of CPB, cracks can form in the structures due to internal and
external factors (see Section 2.5.1), compromising mechanical stability and increasing permeability.
Increased permeability provides preferential pathways for aggressive agents (e.g., oxygen, ions)
that facilitate acid mine drainage (AMD) and contamination of mine areas and/or groundwater
systems.

PWP is a reliable indicator for the assessment of mechanical strength, liquefaction potential, and
the stability of barricades in CPB structures. PWP evolution occurs immediately after placement
because the confined water within the backfill material cannot dissipate quickly. Laboratory and
field studies have been conducted to monitor PWP behaviour (Al-Moselly & Fall, 2024; Wang et
al., 2022; Xiu et al., 2022; Helinski et al., 2011; Thompson et al., 2012). Several factors can impact
the magnitude and dissipation of PWP, including mix design (e.g., water content, binder type, and
dosage), tailings properties (e.g., particle size and mineralogy), and curing/placement conditions
(e.g., curing temperature, stope geometry, and drainage conditions). Upon placement, CPB is
typically saturated with high initial PWP due to its water content and overburden pressure from
surrounding rock or additional backfill layers. Efficient drainage is essential for the reduction of
PWP and increases in effective stress, which favour consolidation and strength development
(Ghirian & Fall, 2013; Fahey et al., 2010). Conversely, poor drainage conditions retain water within
the low-permeability CPB matrix, causing prolonged elevated PWP (Al-Moselly, 2024). Sustained
high PWP would reduce effective stress, delay hydration reactions, and increase the risk of
structural instability, deformation, or liquefaction. Furthermore, inadequate drainage can result in
uneven PWP dissipation, leading to localized zones of weakness or cracks within the CPB structure.

2.4.5 Chemical Properties and Influencing Factors

The chemical properties of CPB are fundamental to its durability, strength development, and
overall performance in underground environments. These properties are primarily influenced by
interactions among the binder, water, and tailings, as well as the chemical reactions that occur
during the hydration process. In other words, the chemical characteristics of CPB significantly
affect the coupled thermal, hydraulic, and mechanical behaviours as previously discussed.

The hydration of cement binders in CPB results in the formation of hydration products such as C-
S-H, CH, and ettringite, which fill pore spaces within the CPB matrix. These hydration products
contribute to strength development and permeability reduction. The specific chemical reactions
involved in binder hydration are detailed in Section 2.3. The mineral composition of the tailings
has a profound influence on the chemical behaviour of CPB. For example, high sulphate
concentrations can lead to sulphate attack, where C3A and CH react with sulphate ions to form
expansive minerals, such as ettringite and gypsum. The excessive expansive minerals in the
capillary pores can induce microcrack formation and weaken the CPB structure (Pokharel & Fall,
2013; Fall et al., 2009). Similarly, acidic tailings can lower the pH of the curing environment
(pH<7), hindering hydration reactions and accelerating the deterioration of the backfill matrix
(Kasap et al., 2022; Zhang et al., 2021). CPBs containing high concentrations of acidic tailings
experience more complex hydration processes. Acidic ions reduce pH and gradually increase
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sulphate content, significantly lowering the alkalinity of the curing environment. Over time, this
results in the dissolution of CH and the destruction of C-S-H, ultimately diminishing the strength
and permeability of CPB (Kasap et al., 2022; Dashti & Nematzadeh, 2020; Dong et al., 2019).

In the same way, the chemistry of the mixing water also significantly impacts the hydration process
and the resulting chemical properties of CPB. Fresh water, with its neutral pH and low dissolved
ion content, is considered ideal for CPB preparation as it minimizes interference with cement
hydration and the formation of hydration products. However, mine process water is often preferred
for its practicality and sustainability in mining operations. Mine process water usually contains
dissolved ions and contaminants, such as sulphates, chlorides, heavy metals, and organic matter,
which can alter CPB properties (Zhou et al., 2021; Wu et al., 2015; Rubashkina & Kostina, 2023).
For example, chlorides can accelerate the corrosion of reinforcing materials within the backfill (Xu
etal., 2022; Wang et al., 2021), while dissolved gases such as CO; and variations in pH can further
disrupt hydration reactions and compromise the durability of CPB (Chen et al., 2022).

Changes in ion concentration within the CPB pore fluid can be monitored using electrical
conductivity (EC), a measure of the chemical characteristics of the pore solution, particularly the
ion composition and concentration (Jafari et al., 2023; Xiapeng et al., 2019; Ghirian & Fall, 2017).
During the early stages of hydration, the EC value is typically high due to the rapid dissolution of
cement particles and the release of ions, such as calcium, hydroxide, and sulphates, into the pore
water. As hydration progresses, these ions are consumed to form solid hydration products like C-
S-H and ettringite, leading to a gradual decline in EC over time (Liu & Fall, 2022). The mixing
water, such as freshwater or sulphate-rich mine process water, also influences EC. For instance,
CPB prepared with mine process water often exhibits higher EC due to the elevated concentrations
of sulphates and other dissolved ions (Li & Fall, 2016). In addition to ion concentrations, factors
such as pore structure, degree of saturation, and temperature also impact EC by affecting ion
mobility and pore connectivity. Monitoring EC provides valuable insights into chemical evolution,
hydration progress, and interactions between the constituents within the CPB matrix, making it a
useful indicator for the evaluation of the long-term stability and performance of CPB structures.

2.4.6 Coupled Multiphysical (THMC) Processes

The fundamental properties and factors affecting CPB performance provide a basis for
understanding its behaviour. However, in underground applications, CPB operates as a complex
geotechnical system where thermal (T), hydraulic (H), mechanical (M), and chemical (C)
properties and processes are intricately interconnected. These coupled THMC interactions, as
illustrated in Figure 2-6, critically influence the performance, stability, and durability of CPB
structures.

Thermal (T) processes: The thermal behaviour of CPB involves heat generation, transfer, and
advection, all of which play a significant role in determining the overall performance. Cement
hydration, an exothermic reaction, generates heat that accelerates the production of hydration
products. This, in turn, contributes to pore refinement and improves the mechanical strength of the
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CPB. Additionally, the heat generated during hydration interacts with the surrounding rock mass
and pore water, influencing water evaporation rates and altering pore water movement. These
thermal changes lead to the rapid development of PWP and suction within the matrix. Furthermore,
temperature increases affect chemical processes by altering the concentration of ions in the pore
water, further influencing the microstructural and mechanical properties of CPB.
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Figure 2-6. (a) Primary coupled THMC factors impacting the behaviour of CPB structures; (b)
Primary multi-physics THMC processes and their interactions (Ghirian & Fall, 2013 and 2017).

Hydraulic (H) processes: Hydraulic processes such as permeability and PWP development are
strongly linked to the thermal and mechanical behaviour of CPB. Water within the CPB matrix
moves through capillary pores during curing, while hydration products precipitate to fill these pores.
This reduces both permeability and PWP. As hydration progresses or water evaporates due to
elevated temperatures, desaturation occurs, leaving voids filled with air. This desaturation reduces
the thermal conductivity of the CPB. Moreover, as water is removed through drainage or
evaporation, the remaining pore water becomes concentrated with dissolved ions. This increase in
ion concentration intensifies chemical interactions, further impacting the long-term stability and
durability of the CPB.



Mechanical (M) processes: The mechanical properties of CPB, such as its compressive strength,
elasticity, and stress response, interact with the chemical and hydraulic processes. During
placement, the curing stress facilitates the consolidation of the backfill by draining excess water
and compacting particles, which reduces pore water pressure and increases effective stress. This
process enhances hydration, reduces permeability, and improves the mechanical strength of CPB.
However, excessive stress may lead to microcrack formation within the matrix, which can create
pathways for fluid flow and increase permeability. Additionally, the curing stress has insignificant
effects on the rate of hydration reactions, as the stress in the field backfill is insufficient.

Chemical (C) processes: Chemical reactions, particularly cement hydration and interactions with
impurities in tailings or mixing water, play a vital role in the evolution of CPB. The binder
hydration process generates hydration products (e.g., C-S-H, CH), which enhance the bonding
between the particles and increase the mechanical strength of CPB. The precipitation of hydrates
filling in the voids also decreases the overall porosity and void ratio, thus reducing the permeability
of the CPB matrix. As the hydration reactions progress, the released heat increases the temperature
of CPB, which, in turn, further facilitates the hydration process. However, the presence of sulphates,
chloride ions, or other contaminants can interfere with the hydration process. Additionally, the pH
of the CPB, which is influenced by the chemical composition in the mixing water and tailings,
affects the solubility and formation of various minerals, further influencing the strength
development and durability.

2.5 Cracks Generation in CPB Structure

2.5.1 Crack-inducing Factors

The properties of CPB mixtures are dominated by a wide range of factors, including physical,
thermal, hydraulic, mechanical, and chemical characteristics, as extensively discussed in the
previous section. The application of CPB in refilling underground extracted goaf not only stabilizes
the surrounding geological structures and ensures a safe working environment for mining
operations but also significantly reduces the surface disposal of tailings, mitigating environmental
pollution and ecological damage. However, as an engineered cementitious material, cracks may
form in CPB matrices as a similar challenge arises in other conventional cementitious materials
(e.g., concrete, mortar, engineered cementitious composites) (Choi et al., 2017; Ohno & Ohtsu,
2010; Yildirim et al., 2015).

The generation and propagation of cracks in CPB structures (Song et al., 2022; Zhou et al., 2021;
Cao et al., 2019; Liu et al., 2019; Aldhafeeri & Fall, 2016; Ghirian & Fall, 2014; Fall et al., 2009;
Fall & Benzaazoua, 2005) can be induced by internal factors, such as shrinkage (self-desiccation),
sulphate attack and initial structural defects, external factors, such as the overburden pressure (self-
weight pressure, loads from mining activities (i.e., machinery), early application of load, and
uneven load distribution), stresses induced by the closure of rock walls or ground movement, and
rock bursts, or coupled effects of these conditions, as illustrated in Figure 1-2. In practical
applications, defects such as joints or fissures are inevitable within CPB structures during
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placement (Song et al., 2022). Under external stresses, these defects acting as zones of stress
concentration are more susceptible to stress concentration, where the propagation and expansion
of cracks will be accelerated within the matrices.

Although CPB structures are designed to meet the geotechnical loading requirements for
underground stability, with dimensions often spanning tens to hundreds of meters, the
abovementioned crack-inducing factors may not immediately lead to catastrophic structural failure
or collapse. However, over time, the accumulation of degradation and the propagation of micro-
and macro-cracks can compromise the integrity of the CPB matrix. This progressive deterioration
may impair the durability and environmental performance of CPB, posing challenges to its long-
term functionality and stability.

2.5.2 Crack Damage Evolution

For CPB structures in underground mines, the CPB material at a given depth is significantly
influenced by compressive, shear, and tensile stresses, as previously discussed. The stability of the
CPB structure is closely tied to the accumulation of cracks and other forms of damage within the
material, which develop and propagate progressively under external loads until structural failure
occurs. The generation, propagation, and interaction of microcracks within the CPB, driven by
external stresses, ultimately determine the macroscopic deformation and failure characteristics of
the material (Zhou et al., 2021). Understanding the stress-strain behaviour of CPB is crucial for
gaining insights into the mechanisms of crack initiation and propagation within the matrix. This
knowledge is essential for evaluating the structural behaviour and overall stability of the CPB under
various loading conditions.

UCS is considered one of the most important parameters in the design and optimization of CPB
operations for underground mining due to its simplicity and cost-effectiveness (Fall et al., 2010).
Generally, the stress-strain curve of CPB under compression loading can be divided into four main
stages as illustrated in Figure 2-7 (Wang et al., 2024; Zhang et al., 2022; Wang et al., 2021; Zhou
et al., 2021; Fall et al., 2007). Stage I (segment AB): compaction stage. During this stage, the
primary micro-voids and cracks in the CPB matrix are gradually compacted in the axial direction,
resulting in a concave-shaped curve. The energy from the applied load is mainly used to compress
the internal pore structure of the CPB sample. Once the pore structure is compacted, the energy
input begins to be stored in the CPB sample as elastic energy. Stage Il (segment BC): linear elastic
stage. In this stage, the curve exhibits a relatively linear upward trend, indicating that the CPB is
in the elastic range. No cracks initiate or propagate, and the volume strain increases gradually. The
strain remains reversible if the external load is removed during this phase. At this stage, elastic
energy accumulates quickly, while dissipated energy remains minimal. Stage III (segment CD):
yield stage (crack initiation and propagation). As the applied load increases, the stress exceeds the
elastic limit (i.e., the crack-initiation strength, point C), causing the deformation to transition into
elastoplastic behaviour. In this stage, elastic energy accumulation slows, and energy is gradually
dissipated as plastic energy. Cracking begins inside the sample, with primary microcracks
expanding and new cracks initiating and propagating. The crack-initiation strength marks the
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critical stress at which the CPB sample begins to experience damage, while the stress at endpoint
D represents the peak stress of the sample. Stage IV (segment DE): post-peak stage. Upon reaching
the peak stress, the CPB sample becomes destabilized as the applied stress exceeds its pressure-
bearing capacity. The elastic energy of the sample decreases to its minimum, and the rate of energy
dissipation slows down. Despite the decrease in the strength of the tested sample, residual strength
from friction between failure surfaces prevents a sudden drop in the stress curve after peak stress.
The increasing deformation contributes to the further propagation and opening of the cracks formed
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Figure 2-7. Schematic representation of CPB stress-strain curve under compression loading
(adapted from Wang et al., 2024; Zhou et al., 2021).

Shear stress may arise at the interface between CPB and surrounding rock walls, particularly under
conditions of differential rock movement, rock wall convergence, or fault slip, which can impose
lateral constraint stress on the CPB structure. To account for these stress conditions, triaxial shear
tests are commonly used to evaluate the mechanical behaviour and deformation characteristics of
CPB under confining pressures. The failure patterns of CPB samples subjected to triaxial
compression can generally be categorized into four types: single shear cracks, which form along
one direction due to shear stress; parallel shear cracks, where multiple cracks form in parallel under
relatively uniform shear stress conditions; conjugate shear cracks, which develop as pairs at
opposite angles, typically at approximately 45° relative to the stress direction; and mixed shear
cracks, where the cracks exhibit a combination of shear and tensile components (Yang et al., 2020).
The stress-strain curve (deviator stress versus axial strain) for CPB under triaxial compression can
generally be divided into three main stages, as illustrated in Figure 2-8 (Xiu et al., 2022; Jafari et
al., 2021; Zhang & Li, 2021; Yang et al., 2020; Pierce, 1999). In the initial linear elastic stage, the
relationship between deviator stress and axial strain is linear, and the CPB material exhibits elastic
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deformation, where the stress increases rapidly, and the deformation is reversible upon removal of
the external load. As the stress increases, the material enters the elastoplastic stage, where it begins
to yield and exhibit irreversible deformation. During this stage, new cracks initiate and interconnect
with existing microcracks, gradually extending and aligning with the direction of stress. The
deviator stress continues to rise but deviates from linearity, and the curve reaches its peak value,
corresponding to the shear strength or failure point of the CPB sample. The application of confining
pressure enhances the friction between fractured surfaces, increasing the deviator stress and
contributing to the strain-hardening behaviour observed during this stage (Fall et al., 2007). In the
post-peak or failure stage, which follows the peak stress, the CPB sample enters the softening phase,
where deviator stress begins to decrease as large-scale cracks propagate and coalesce, ultimately
leading to structural failure. This phase is characterized by the transition to residual strength, which
reflects the ability of the material to resist further deformation despite extensive cracking (Jafari et
al., 2021). These stages provide critical insights into the deformation and failure mechanisms of
CPB under shear loading and the influence of confining pressure on its overall behaviour.
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Figure 2-8. Schematic representation of CPB stress-strain curve under triaxial shear test (adapted
from Xiu et al., 2022).

CPB exhibits brittle behaviour under tensile stress, characterized by minimal plastic deformation
prior to failure. Its inherently low tensile strength makes CPB susceptible to crack initiation under
tensile stresses, especially in underground stopes where factors such as shrinkage, differential
settlement, or uneven loading are prevalent. To assess the tensile strength of CPB, indirect tensile
strength (ITS) tests, such as the Brazilian tensile strength (BTS) test, are commonly employed due
to their simplicity, efficiency, and reliability. These tests reduce the risk of premature failure by
ensuring uniform stress distribution across the sample and are especially suited for brittle materials
like CPB. The ITS test setup is straightforward, requiring only standard compression testing
equipment and cylindrical specimens. Figure 2-9 shows the typical stress-strain curve of a brittle
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material under tensile loading. This curve can generally be divided into four stages (Li et al., 2022;
Chen et al., 2019), which are comparable to those observed under compressive and triaxial shear
loading: (i) the linear elastic stage (segment OA), where stress increases proportionally with strain;
(i1) the nonlinear stage (segment AB), where microcracks begin to form and initiate; (iii) the
fracture and failure stage (segment BC), marked by stress drop and macrocrack formation; and (iv)
the post-failure stage (segment CD), during which residual strength persists due to frictional
interactions along fracture surfaces. In the tensile stress-strain curve of CPB, the stage of crack
initiation and propagation is notably brief due to the brittleness of the material and low fracture
energy. When the tensile stress approaches or exceeds the bond strength at weak points, such as
voids or particle interfaces, microcracks rapidly form and coalesce into macrocracks. During ITS
testing with flat loading plates, cracks typically originate at the center of the disc, propagate toward
the edges, and ultimately cause a complete fracture of the sample, as shown in Figure 2-10. The
crack propagation path follows the loading direction, and the development of a straight crack is
directly related to the stress propagation pattern within the material (Xiao et al., 2022).
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Figure 2-9. Typical indirect tensile stress-strain curve of brittle materials (Li et al., 2022)
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Figure 2-10. Failure process of disc CPB sample under indirect (Brazilian) tensile test using flat
loading plates (Xiao et al., 2022).
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2.5.3 Impacts of Crack Damage

The presence of defects and cracks significantly diminishes the load-bearing capacity of CPB,
undermining its ability to support overburden pressures and resist mining-induced stresses. Song
et al. (2022) examined the impact of prefabricated fractures on the mechanical performance of CPB
using UCS tests. Their findings demonstrated that pre-existing fractures reduce the mechanical
properties of CPB and promote crack propagation, typically originating at fracture tips and
ultimately leading to macro-failure of the samples. Similarly, Zhao et al. (2023) introduced varying
degrees of initial defects in CPB by incorporating different concentrations of air-entraining agents
(AEA). They observed that an increase in medium- and large-sized voids reduced the density of
the CPB microstructure, leading to lower UCS and elastic modulus. Comparable detrimental effects
of cracks on mechanical performance have also been reported in other cementitious materials,
including concrete, mortar, and engineered cementitious composites (ECC) (Lu et al., 2018; Wu et
al., 2012; Turatsinze et al., 2007; Zhang, 1997; Vecchio & Collins, 1993). Cracks in CPB
compromise its structural integrity by weakening its ability to evenly distribute loads, increasing
the risk of instability in stopes. Over time, this loss of cohesion can result in partial or complete
failure of backfill structures, jeopardizing the stability of surrounding rock masses and creating
stress concentration zones that further propagate cracks. These instabilities would disrupt mining
operations, necessitating costly remedial actions such as re-grouting, additional backfill placement,
or reinforcement of adjacent areas. Moreover, cracks complicate controlled excavation for re-
mining purposes by introducing unpredictable fragmentation patterns, which can further escalate
operational costs and reduce overall mining efficiency.

In addition to mechanical degradation, cracks can significantly increase the hydraulic conductivity
of CPB, particularly when crack damage exceeds 80% of the corresponding UCS (Fall et al., 2009).
The interconnected crack networks facilitate fluid transport, allowing water and oxygen to infiltrate
the backfill structure. Oxygen ingress accelerates sulfide oxidation, leading to acid mine drainage
(AMD) formation, which weakens the CPB matrix (Aldhafeeri & Fall, 2016). Furthermore, cracks
act as pathways for contaminants, such as residual tailings or process chemicals, to escape into
surrounding groundwater, posing environmental risks. Over time, water flow through cracks can
erode the CPB material, exacerbating instability and reducing long-term durability.

Cracking in CPB structures also poses significant durability and safety challenges in cold regions,
where water retained in cracks expands during freeze-thaw cycles, intensifying crack damage and
further compromising structural integrity (Hou et al., 2020; Wu et al., 2020; Chang, 2016). These
repeated cycles reduce the CPB’s durability and performance, increasing the potential of structural
failure in such problematic environments.

Overall, the formation and propagation of cracks significantly impair the integrity of CPB
structures by reducing mechanical strength, increasing permeability, and diminishing service life,
durability, and environmental performance. From a safety perspective, cracked CPB structures pose
significant hazards to underground workers by increasing the risk of collapse. Cracks near
barricades, in particular, can lead to uneven loading and potential barricade failure, resulting in

37



widespread instability. Therefore, mitigating cracks in CPB structures is critical to ensuring the
safety, economic efficiency, and environmental sustainability of mining operations, particularly in
deep and geologically complex underground environments.

2.6 Conclusions

This chapter provides a comprehensive summary of the theoretical and technical background of
the CPB technique with a focus on its role as an innovative cementitious engineering material in
the mining industry. The literature review explores the mechanisms governing CPB property
development and its dominant multiphysical THMC processes and factors. Furthermore, it
identifies the factors contributing to crack formation in CPB structures, along with the mechanisms
of crack evolution and their impacts on CPB performance. Self-healing has been proposed as a
promising and efficient method to mitigate crack damage within the CPB matrix. However, to date,
no previous studies have been conducted to explore the self-healing (autogenous healing)
behaviour and capacity of CPB materials. To bridge this knowledge gap, a comprehensive study
on the self-healing (autogenous healing) behaviour of CPB is conducted in this Ph.D. research.
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Chapter 3 Background on Self-healing Behaviour and Review of Previous
Studies on Self-healing of Cementitious Materials

3.1 Introduction

Self-healing can be defined as the ability of a material that is able to heal/repair/recover its
properties from damage automatically by itself without any external intervention (Ghosh, 2009) or
refers to a process that can sense, diagnose, and heal/repair/recover a damaged condition without
intervention. This ability or process is also termed self-repairing, autonomic-healing, or autonomic-
repairing, typical for plants and animals in nature. Damaged skin may heal itself on trees and
animals, a typical example of self-healing behaviour. One’s hand is injured with a small cut and
treated with a bandage. The bandage protects the cut, allowing the body to self-heal with fewer
disturbances. The body stops the bleeding and then regrows tissue over the wound part over a
timescale (Cremaldi and Bhushan, 2018). As for the plants, it is the formation of internal
impervious boundary walls that protects the plants from further damage (Biggs, 1985), allowing
the tissues to self-heal.

Cementitious material, especially concrete, has been the most widely used construction material
since the invention of Portland cement in the 1820s because of its outstanding advantages,
including high compressive strength, good molding performance, low material cost, etc. (Wang et
al., 2019; Van Tittelboom and De Belie, 2013). However, it is known that concrete has limited
tensile strength, which makes it sensitive to crack formation due to load or deformation-induced
stresses. The concrete structures and even infrastructures may suffer severe deterioration during
service life. Once the crack is introduced within the concrete structure, the microcracks may expand
into macrocracks, reducing the bearing capacity and durability of the concrete structure. Moreover,
the cracks in the structure provide pathways for aggressive gases or liquids penetrating the matrix,
such as sulfate and chloride ions. As a result, the service life of the concrete structure is significantly
reduced due to the further damage induced by reinforcement corrosion and concrete carbonation.

To optimize the properties of concrete structures, modern techniques have enabled concrete design
with low porosity, higher strength, and high resistance. Still, the formation of cracks is inevitable
due to shrinkage, loading, thermal expansion, phase expansion during freezing and thawing, or
creep, even though cracks in concrete can be reduced. Therefore, inspection and maintenance are
of great importance in addressing the crack problems of concrete structures. However, the
implementation of continuous maintenance is complex due to limitations, such as the difficulty of
detecting internal cracks, the inability to enter narrow spaces, insufficient funds to repair extensive
infrastructure, and significant inconvenience when infrastructure has to be closed down. As
reported, the costs related to maintenance and repair work account for half of the annual
construction budget in Europe (Cailleux and Pollet, 2009). In addition, the total direct cost of
corrosion was determined to be $276 billion per year, which was 3.1% of the U.S. GDP, of which
infrastructure-related costs represent a sizeable portion, even though it was from 1999 to 2001. The
overall dollar impact of corrosion on highway bridges was considerable and is estimated to be an
average of $8.29 billion annually (Yunovich and Thompson, 2003). In the United Kingdom, repair
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and maintenance accounted for almost 45% of the UK’s activity in the construction and building
industry (Woudhuysen and Abley, 2004). Therefore, even if such maintenance work is theoretically
feasible, the expense and labor involved in diagnostic and repair procedures for large-scale
infrastructures may be prohibitive.

Under such circumstances, smart materials with the ability to self-heal, self-repair, autonomic-
healing, or autonomic-repairing have attracted more attention from researchers. The organisms in
nature inspired the development of self-healing concrete. The self-healing behaviour or autogenous
healing of cracks in fractured concrete was noticed by the French Academy of Science in 1836,
and it is already in water-retaining structures, culverts, and pipes (Van Breugel, 2007). The initially
observed self-healing behaviour is owing to the inherent self-healing potential in the traditional
concrete structure. Generally, traditional concrete mixtures are made with a water/cement ratio
between 0.4 and 0.55. Nevertheless, only 70% of cement will hydrate in practice during the early
curing period. The remaining 30% of cement will stay unhydrated in the mixture. If cracks form
within the structure, the hydration reaction will resume with unhydrated cement particles when
exposed to penetrating moisture or water. Then, the delayed hydration products will precipitate and
fill the gaps to heal the cracks (see Figure 3-1). After that, Hyde and Smith (1889), Hearn and
Morley (1997), and Glanville (1926) investigated self-healing behaviour more systematically. The
difference between self-healing and self-sealing was also distinguished. In the process of self-
healing, the inherent or original mechanical property can be restored, while there is no mechanical
recovery. The flourishing research has extended the study of self-healing behaviour from concrete
to other cementitious materials, such as high-performance concrete, high-performance fiber-
reinforced cementitious composites (HPRFCCs), engineered cementitious composites (ECCs), etc.
Besides, the research on self-healing agents/materials development has also attracted significant
attention, which will be discussed in the later sections.

Progressive hydration and

healing of microcrack I‘ concrete cover ’|

Figure 3-1. Healing of cracks in concrete due to delayed hydration (Van Breugel, 2007).

Taking advantage of self-healing behaviour reduces the cost and the requirement for labor, which
is an effective approach to maintaining or repairing cracks in cementitious infrastructures. When
the crack occurs, the self-healing system embedded in the cementitious structure will automatically
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heal the crack, thus restoring the function of the structure, enhancing its durability, and prolonging
the longevity of service life.

3.2 Self-healing Approaches in Cementitious Materials

The development of the self-healing cementitious material mechanism is inspired by different
materials in nature. For instance, damaged skins of trees or injured skins and tissues of human and
animal bodies can autonomously heal themselves based on nutrient uptake. Similarly, essential
products or additions act as nutrients in cementitious materials with self-healing capability,
enabling these materials to heal or restore inherent properties. The self-healing approaches of
cementitious materials can be roughly divided into two categories: autogenous healing and
autonomous healing (Blaiszik et al., 2010).

3.2.1 Autogenous Healing

Generally, conventional cementitious matrix (i.e., concrete) contains approximately 20-30%
unhydrated cement particles after curing. When cracks occur, the unhydrated cement within the
matrix can come into contact with inflowing water or vapor, and the hydration reaction would be
stimulated again, resulting in delayed hydration products, which contribute to the crack closure.
This mechanism has been known since 1836 (Hearn and Morley, 1997) and is called autogenous
healing. Autogenous healing is the self-healing process in which cracks are healed by healing
products that are produced by delayed hydration of unhydrated cement particles and carbonation
of calcium hydroxide within the cementitious matrix, and materials are not intentionally added into
the matrix or designed for self-healing (Cuenca and Ferrara, 2017). Autogenous healing can be
mainly attributed to two chemical mechanisms (Ramm and Biscoping, 1998; Edvardsen, 1999): 1)
hydration of unhydrated cement particles and ii) dissolution and subsequent carbonation of calcium
hydroxide. The calcium hydroxide Ca(OH). is a cement hydration product precipitating on the
crack surfaces. The calcium ions are liberated and dissipated along the cracking surfaces by
dissolving in water. Then, the free calcium ions from cement hydration react with the carbonate
ion CO%' or bicarbonate ion HCOj3 from dissolved carbon dioxide CO> to form the self-healing
product calcite CaCOs, growing on both surfaces of the cracks and finally filling the crack gaps
(Wu et al., 2012). The chemical reaction process is as follows:

H,0+CO, & H,CO; & H'+HCO; < 2H +CO0% (3-1)
Ca’"+C03 & CaCOs (3-2)
Ca’"+HCO; & CaCO;+H" (3-3)

In the chemical mechanisms, the content of unhydrated cement particles dominates the efficiency
of self-healing by autogenous healing. Cement hydration is the primary mechanism in young
cementitious materials. At later ages, calcite precipitation becomes the primary mechanism for the
self-healing process (Neville, 2002). Besides the chemical mechanism, the physical mechanism
(i.e., swelling of calcium silicate hydrates) and mechanical mechanism (i.e., loose particles broken
from the fracture surface or impurities in ingress water) also produce autogenous healing. A
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schematic overview of the main mechanisms that lead to autogenous healing is presented in Figure
3-2.
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Figure 3-2. Mechanisms leading to autogenous healing (De Rooij et al., 2013)

Although debates exist about the main mechanism of autogenous healing, a consensus is that
researchers commonly identify the essential presence of water. Some researchers (Lee et al., 2010a;
Lee et al., 2010b; Kim et al., 2011; Lopez-Tendero et al., 2011; Snoeck et al., 2012; Snoeck et al.,
2014) added superabsorbent polymers (SAP) into the cementitious mixtures to provide additional
water. SAP can absorb a large amount of liquid and swell to form an insoluble gel in the matrix. In
the hydration stage, the absorbed liquid can be released from the SAP. The shrunk SAP particles
produce small macro-pores around themselves. When the cracks propagate through the pores,
liquid ingress will make the SAP swell again, leading to a physical blocking effect. In the dry
periods, the absorbed water will be released from the SAP to activate autogenous healing. However,
the pores induced by swelling SAP can undermine the mechanical strength of the matrix structure.

Additionally, autogenous healing has excellent potential for long-term healing (Wu et al., 2012) by
partially substituting the cement with mineral admixtures, such as fly ash, silica fume, and blast
furnace slag, which are pozzolanic and latent hydraulic materials (Li et al., 2002; Yang et al., 2007;
Sahmaran et al., 2008; Termkhajornkit et al., 2009; Zhou et al., 2011; Na et al., 2012; Van
Tittelboom et al., 2012). For example, fly ash is an industrial byproduct of coal combustion and is
usually considered a waste material. Initially, fly ash was used to replace cement to reduce the
proportion of Portland cement in concrete, which optimizes costs and environmental friendliness
(Yu et al., 2017). Thomas (2007) stated that fly ash could contribute to long-term strength
development in concrete, resulting in greater compressive strength at later ages due to the
pozzolanic activity to produce C-S-H and C-A-H gels. Besides, the secondary hydration of fly ash
at later ages also favors self-healing behaviour. Termkhajornkit et al. (2009) investigated the self-
healing possibility of fly ash-cement systems and found that the fly ash-cement system performed
the self-healing ability for cracks that occur from shrinkage, and the self-healing ability increased
with the increasing fraction of fly ash. In the same way, blast furnace slag (slag), as an industrial
by-product, has been used to replace cement clinker in cementitious materials (i.e., concrete) to
enhance the chloride and sulphate resistance, and to improve the durability of the infrastructures
(Ozbay et al., 2013; Li et al., 2012; Aitcin, 2007). Since the latent character of slag, a significant
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amount of slag particles can remain unreacted in slag cement paste even at long-term curing stages,
which provides a substantial potential for self-healing. For instance, Huang et al. (2014)
investigated the self-healing process in blast furnace slag cement paste activated with a saturated
Ca(OH): solution. The findings revealed that the slag cement paste with a high slag concentration
has a greater potential for self-healing than cement paste, with the reaction products C-S-H,
ettringite, hydrogarnet, and OH-hydrotalcite forming in cracks. Nguyén et al. (2018) compared the
self-healing properties of cement-based and alkali-activated slag-based fiber-reinforced
composites with controlled crack width. The results indicated that alkali-activated slag-based
composites outperformed cement-based composites in reducing relative crack widths but were less
effective in recovering resonant frequency. Similarly, mortar mixtures containing blast furnace slag
demonstrated a significantly enhanced self-healing capacity, which effectively reduces chloride
penetration and improves structural durability (Darquennes et al., 2016).

Furthermore, other mineral admixtures (cementitious materials), such as expansive agents, geo-
materials, and crystalline admixtures, have been investigated in previous studies not only to
improve the properties of cementitious infrastructure but also to promote the self-healing
performance of cementitious materials by the formation of calcite, C-S-H, ettringite, and
portlandite (Sisomphon et al., 2013; Lee and Ryou, 2016). When a crack forms, the unreacted
mineral admixtures can contact the ingress water, the active components react with water, and the
ions or compounds in the matrix form healing products to heal the cracks. Expansive agents,
composed of calcium sulfoaluminate (Cas(AlO2)6SOs4), calcium oxide (CaO), and anhydrite
(CaSO0sy), react with Ca(OH). to form expansive healing products, such as ettringite, magnesium
hydrate, magnesium carbonate, and calcite, which have larger volumes than the reactants, leading
to crack filling and closure. The MgO is typically used to optimize the shrinkage performance of
concrete and promote self-healing capacity in cementitious materials. Sherir et al. (2017) presented
the self-healing performance of ECCs produced with the expansive agent MgO. The results showed
that the ECCs with MgO tended to recover original mechanical properties by healing microcracks.
Additionally, Ahn (2008a) prepared modified concrete beams using 10% expansive agent addition
(CaO and CaSO4) and found that the concrete beam incorporating expansive agent could
completely heal the crack width of 220 um after one month, compared to the normal concrete beam,
which only achieved partial healing. However, the expansion property in geo-materials is not quite
the same as in expansive agents. Most of the volume expansion in geo-materials to fill cracks is
caused by the swelling of the materials after absorbing water, though active substances, such as
Si0; and Al,O3, can react to produce healing products with large volumes. Ahn and Kishi (2010)
demonstrated that a geo-material containing SiO2 of 71.3% and Al>O3 of 15.4% when added to the
expansive material, could form a geo-polymer via polymerization of aluminate and silicate
complexes. Montmorillonite, feldspar, and quartz are also parts of the geo-materials. The swelling
behaviour of geo-material is mainly caused by the swelling of montmorillonite, which is a swelling
clay mineral. Since montmorillonite is a 2:1 layer consisting of an octahedral sheet sandwiched
between two silica sheets, it can swell 15-18 times its dry size when wetted by water (Ahn and
Kishi, 2010). What’s more, crystalline admixtures (CA), consisting of substances that react with
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cement constituents and form calcium silicate hydrates and are already employed for the reduction
of concrete porosity and water permeability of concrete, can also effectively serve as self-healing
engineering additions (Li and Li, 2011). The commonly contained materials are Na,COs3, NaHCOs3,
Li,COs, NaFPO3, sodium silicate, colloidal silica, ethyl silicates, etc. (Wang et al., 2019). Roig-
Flores et al. (2016) compared the effect of a CA on self-healing behaviour in early-age concrete
under three different exposure conditions. The results showed that specimens with crystalline
admixtures yielded healing ratios with lower standard deviations than those for control specimens,
thus increasing the reliability of healing. Additionally, Jaroenratanapirom and Sahamitmongkol
(2011) studied the self-healing performance of mortar using different additives: fly ash, silica fume,
expansive admixture, limestone powder, and CAs. They reported that CAs showed the best
performance in closing cracks with the crack width range of 0-0.05 m, becoming inefficient for
wider cracks. This limit can be eliminated when CAs are combined with expansive admixtures (i.e.,
CSA). Complete self-healing for cracks up to 400 um can be achieved under water immersion after
30 days of curing (Sisomphon et al., 2012).

3.2.2 Autonomous Healing

Self-healing can also be autonomous by incorporating a self-healing mechanism inside the
cementitious materials produced by reactions of specific agents intentionally added to produce self-
healing behaviour, as illustrated in Figure 3-3. In autonomous healing, the material used to heal or
close cracks does not originate from the matrix itself but from other external sources, including
directly added or embedded in capsules, crystalline admixtures, sodium silicate, adhesives, and
bacteria. The activation methods can be crack propagation, contact with air or water, other agents,
and external changes (i.e., temperature and humidity). Consequently, the efficiency of autonomous
healing highly depends on the crack width, which is consistent with the autogenous healing,
encapsulation method (spherical or tabular), and the amount of deposited healing agents inside the
matrix.

Autonomous healing relies on embedding engineered additives in cementitious materials to provide
self-healing capacity (De Belie et al., 2018). Another reason for embedding additions is to protect
healing agents during the mixing procedure and to activate them only at the required moment. The
capsules vary from macroscale to microscale, inspired by the cells, seeds, and birds’ eggs in nature
(Hemsley and Griffiths, 2000). For these aims, several encapsulation techniques have been
developed, either for chemical agents or bacteria. There are two main systems for encapsulation:
single-component embedded systems and multi-component embedded systems. In the
encapsulation system, capsules could be spherical or cylindrical in shape. Microscale encapsulation
(microencapsulation) generally has a diameter below 1 mm, a popular technique for producing
autonomous healing in cementitious materials (De Belie et al., 2018). In this method, the
microcapsules are embedded in the cementitious matrix during the mixing procedure. They should
be broken upon rupture, crack formation, and propagation, thereby releasing the embedded healing
agent via capillary effects (Wu et al., 2012) and even regaining mechanical strength. Then, there
are four healing strategies for the released healing agent: reaction activated by water, heat, air, or
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radiation, reaction with cementitious matrix, reaction with a second component present in the
matrix, and reaction with a second component embedded in additional microcapsules. For instance,
Dry (1994 and 2000) embedded cylindrical glass capsules filled with cyanoacrylate as a healing
agent. Upon the crack formation and propagation, the released cyanoacrylate contacted the air,
starting the healing process. Add to that, Yang et al. (2011) developed a new family of self-healing
materials that are expected to offer potential synergy with microfibers in arresting cracks formed
in cementitious materials. In their study, the healing agent methyl methacrylate (MMA) and
catalyst triethyl borane (TEB) were microencapsulated, respectively, through an interfacial self-
assembly process and sol-gel reaction. A crack was expected to rupture both agents, and a
polymerization reaction was triggered to fill the crack when the healing agent was in contact with
the catalyst. Though various microencapsulation techniques are available, the specific technique is
sometimes only suited for particular types of materials. Several factors should be considered for
the determination of the microencapsulation technique and wall matrix, including critical
properties of the core material, microcapsule size, permeability of the shell, encapsulation
efficiency, resistance of the capsules to compounding with the matrix, difference in the toughness
properties and interfacial interactions between the microcapsule and polymer matrix, and
processing parameters of the self-healing composite system (Zhu et al., 2015). Additionally,
macroscale encapsulation (macroencapsulation) was first carried out by Dry (1993 and 1994), who
proposed polypropylene and glass fibers with mono- or multi-component methyl methacrylate core
for concrete crack repairing. Macroscale encapsulation is also classified as located capsules (Roig-
Flores et al., 2021). In microencapsulation, the tubes and capsules are placed in the molds before
pouring the cementitious materials, which means the prediction of crack formation and propagation
is required to ensure the system’s validity. The concept of microencapsulation is similar to vascular-
based self-healing.

A vascular-based self-healing concept in cementitious materials is inspired by the animal blood-
vessel system that transports blood around the body and the plant vascular tissue system (xylem
and phloem networks) that transports nutrients and water. The vascular network developed in
cementitious materials consists of artificially manufactured channels through which healing agents
can be delivered to the cementitious matrix, connecting the interior and the exterior of the structure.
This method allows an increase in the amount of healing agents that can be released to the target
cracks, theoretically, even with no limit from an external supply source. The delivery system can
be divided into two categories: a one-channel vascular system, when a single component healing
agent is needed, and a multi-channel vascular system, when two or more healing agents are required.
Regarding the one-channel vascular system, Joseph et al. (2010), for example, used cyanoacrylates
(CA) as a healing agent encapsulated in glass tubes. The capillary glass tubes were open to the
atmosphere on one side and plugged with wax on the other to maximize the provision of healing
agents. Upon the cracking of tubes under loads, an additional healing agent could be delivered to
the inside matrix to heal wider cracks. The additional healing agents were supplied by human
intervention in the previous study, and they can also be achieved through gravitational force action
(Mihashi et al., 2000) or a vacuum pump (Dry, 1994). Furthermore, Dry and McMillan (1996) used
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a three-part methylmethacrylate adhesive system (multi-channel vascular system). The adhesive
was released from hollow glass tubes coated with a brittle breakable sealer. The three-part adhesive
system was made up of MMA, cumene hydroperoxide, and cobalt neodecanoate, the latter two
components being the initiators that cause the MMA to polymerize or harden. Due to the chemical
instability of the two initiators, the three-part system was reduced to a two-part system by pre-
mixing either of the initiators with the MMA. Instead of using capillary glass tubes, rounded steel
rods were cast in the concrete and pulled out after 24 h of curing, leaving small channels through
the length of the sample.

Apart from the aforementioned methods, functional materials, such as shape memory alloy or shape
memory polymer, are also incorporated in the self-healing cementitious materials. When cracks are
initiated, the shape memory materials with a shorter predefined memorized shape than the current
state will contract or shrink in a restrained condition; thus, a shrinking force will be generated,
leading to the closure of cracks (Wu et al., 2012). Among many types of shape memory alloys
(SMA), Nitinol is the most commonly used SMA due to its superior thermo-mechanical and
thermo-electrical properties, shape memory effect, and superelasticity (Duerig et al., 2013). Shape
memory materials can be activated upon heating or electricity to control cracks. Kuang and Ou
(2008a) utilized SMA wires and an adhesive to develop a smart self-repairing concrete beam. The
results demonstrated that the SMA wires added self-restoration capacity to concrete beams, the
deflection of the beams reversed, and the crack almost closed after unloading. Sakai et al. (2003)
investigated the self-restoration of a concrete beam using superelastic SMA wires. The results
revealed that the mortar beam with SMA wires recovered almost completely after incurring an
extremely large crack. Furthermore, shape memory polymers (SMP) are also incorporated into self-
healing cementitious materials. The cracks occur within the matrix due to early age shrinkage,
thermal effects and/or mechanical loading, then the shrinkage mechanism in the embedded shape
memory polymer tendon (or tendons) is activated by heating, which results in crack closure and
compressive stresses being developed across the closed crack faces (Wu et al., 2012).
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Figure 3-3. Mechanisms leading to autonomous healing (De Rooij et al., 2013)
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Although previous studies have explored autonomous healing in conventional cementitious

materials, the understanding of autonomous healing in CPB remains limited. Xiang et al. (2023a)

utilized waste porous ceramic (WPC) as a bacterial carrier to embed Sporosarcina pasteurii,

achieving self-healing in backfill paste. The results demonstrated that the embedded biosolution
could be released from WPC upon crack formation, with initial crack widths of less than 1 mm,

achieving a 100% self-healing ratio in crack closure after 28 days. Additionally, Xiang et al. (2023b)
proposed a bacterial mixture of Sporosarcina pasteurii and Pseudomonas denitrificans pre-

embedded in polypropylene-fiber reinforced backfill to enhance the self-healing capacity without
the need for additional carriers.

3.2.3 Discussions

Autogenous healing is an intrinsic property of cementitious materials that enables them to heal or
repair small cracks through delayed hydration of unhydrated cementitious particles. The efficiency
of autogenous healing significantly depends on the age of the cementitious material, the presence
of water or moisture, and the crack width. Numerous investigations have been conducted to explore
methods or materials to increase healing efficiency. The basic method is to lower the water-to-
cement ratio to increase the content of cementitious material, in which the higher amount of
unhydrated particles in the matrix can contribute to autogenous healing at later ages. Additionally,
mineral admixtures (i.e., blast furnace slag, fly ash, silica fume, crystalline additive, etc.) are
introduced to enhance autogenous healing. However, disadvantages still exist in autogenous
healing, such as insufficient exposure conditions, higher content of cementitious material resulting
in an increased hydration heat, shrinkage and crack risk, loss of workability, and inadequate ability
to fill large cracks.

In contrast to autogenous healing, autonomous healing is able to embed different unconventional
engineered admixtures in the composite to trigger and develop the self-healing process, such as
encapsulation and vascular methods. The encapsulation method can protect healing agents during
the mixing procedure and activate them only at the critical moment of rupture. The vascular-based
method allows an increase in the number of healing agents that can be released to the target cracks,
theoretically, even with no limit from an external supplying source. Based on theory and results
obtained from small-scale laboratory studies, autonomous self-healing should be an efficient self-
healing process. Nevertheless, the survival rate of capsules is low during the mixing procedure,
and the workability will be decreased if the number of capsules increases. If a bacterial healing
agent is adopted, the bacterial nutrients slow down or even completely hinder the hydration of
cementitious material, leading to lower strength values. When considering the application in
engineering practice, the autonomous healing process is relatively complex and expensive to be
applied on a full scale.

Generally, the approach of autogenous healing appears to be more feasible, efficient, cost-effective,
safer, and simpler to implement than the approach of autonomous healing for real-life applications.
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3.3 Factors Affecting Self-healing in Cementitious Materials

3.3.1 Age of Pre-cracking

Due to different exposure conditions in engineering practice, the cracking time within cementitious
materials and the quantity of unhydrated cementitious particles cannot be predicted. The interest in
studying the influence of pre-cracking age/time on self-healing behaviour attracts increasing
attention. Qian et al. (2015) investigated the self-healing potential of early-age cracks in cement-
based materials incorporating the bacteria that could produce carbonic anhydrase. In their study,
cement-based material specimens were pre-cracked at ages 7, 14, 28, and 60 days to study the self-
healing ability influenced by cracking time. It was shown that the self-healing effect was excellent
for cracking at the early age of 7 days, and the self-healing agent lost the repair effect when the
cracking age was more than 60 days. Thus, the self-healing efficiency of cracks drops when the
cracking age increases. Similarly, Luo et al. (2015) concluded that the crack healing ratio of
specimens dropped significantly along with the extension of cracking age. When the cracking age
was more than 60 days, the crack healing ratio was very small. Furthermore, Heide and Schlangen
(2007) found a better recovery of flexural strength in concrete beams pre-cracked at earlier ages
and an apparent decrease in strength recovery with increasing specimen age when making the first
crack.

3.3.2 Crack Width

Previous studies have implied the need for crack width control to attain effective self-healing in
cementitious materials. Generally, autogenous healing can be effective for crack widths up to 200
um (Talaiekhozani and Abd Majid, 2014). However, with the increase in crack width, self-healing
behaviour will become more and more difficult (Sahmaran et al., 2015). Qian et al. (2015)
investigated the influence of crack width on the healing rate with crack widths from 0.1 to 1 mm.
The experimental results indicated that the cracks below 0.4 mm were almost completely closed.
It was concluded that crack width influenced self-healing effectiveness significantly. As for
engineered cementitious composites, Yang et al. (2009) observed that when the crack width
exceeds 150 um, the specimen resonant frequency remains unchanged even after exposure to wet-
dry cycle conditions. The resonant frequency and the permeability measurements suggest that
autogenous self-healing within cement-based materials in both mechanical and transport properties
can be achieved, provided that damage must be restricted to very tight crack widths, below 150 um
and preferably below 50 pum, at least under 10 wet/dry cycles exposure regime. However, the
extremely tight crack width is challenging to attain reliably in most conventional concrete materials,
even when steel reinforcement is used.

3.3.3 Exposure/Self-healing Condition

When cementitious material specimens are pre-cracked, they will be exposed to the corresponding
prescribed conditions for the self-healing process. Different exposure conditions are adopted either
for their good compatibility in combination with the healing agent or as representative of the
intended field of application (Ferrara et al., 2018). Various exposure conditions have been
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investigated on cementitious materials, including open air, immersion in water, wet/dry cycles,
freeze/thaw cycles, Ca?" and CO» concentrations, controlled temperature and relative humidity, etc.,
in the studies of cementitious materials (i.e., concrete, mortar, ECCs, etc.). For most techniques,
the presence of free water or a humid environment is required to produce significant self-healing
(Snoeck et al., 2014).

3.3.4 Self-healing Duration

Healing duration or curing time for the self-healing process also plays an essential role in the self-
healing behaviour of cementitious materials. Ferrara et al. (2017) conducted a thorough
characterization of the self-healing capacity of high-performance fiber-reinforced cementitious
composites under different exposure conditions (water immersion, exposure to humid or dry air,
and wet/dry cycles) and exposure times (from one month to two years). The experimental results
illustrated that the specimens immersed in water, together with specimens exposed to 90% RH,
were able to gain the highest recovery trend after much longer exposure times, even though the
strength of the healed specimen was slightly higher than that of the virgin specimen. However, the
specimens exposed to open air performed no further significant improvement with prolonged
exposure time after an initial appreciable healing rate. As for the specimens immersed in water,
water could penetrate deeper into cracks, promoting and prolonging the delayed hydration of
unhydrated particles. Similar performance was also observed by Ferrara et al. (2016a and 2016b).
The recovery of mechanical performance continued even after relatively long exposure times, up
to the complete closure of cracks.

3.4 Methods for Characterization of Self-healing Behaviour

In a self-healing system, it is essential to measure or evaluate its feasibility and healing efficiency.
Healing may occur on the surface crack or internal crack, resulting in different healing efficiency.
A thorough evaluation or assessment of the healing efficiency of a self-healing system in
cementitious materials is significantly crucial. Therefore, different techniques have been put
forward to assess the changes in microstructure and evaluate the recovery of mechanical properties
qualitatively and quantitatively.

3.4.1 Cracks Characteristics

Surface cracks: The observation of surface crack closure is the most straightforward method to
examine self-healing performance after exposure to healing conditions for pre-cracked specimens.
The techniques used to evaluate the surface crack closure range from the naked eye to a microscope,
such as a magnifier, photographs from a camera, digital microscope, optical microscope, electron
microscope, etc. The high-resolution camera or digital single-lens reflex is usually employed to
take pictures periodically to record the cracks’ development during testing and curing. A high-
resolution camera was used by Qiu et al. (2016) to measure the crack width reduction on both sides
of the specimen surface as a direct assessment of self-healing. The crack width was measured at a
specific location before and after self-healing conditioning. The high-resolution pictures were used
to monitor changes in crack width. Photographs from the camera method allow the acquisition of
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images during tests, but they cannot provide sufficient details for a specific crack. Likewise, a
microscope was used by the vast bulk of researchers. Alghamri et al. (2016) evaluated the surface
crack sealing using an optical microscope in various periods. And Liu et al. (2015) quantitatively
studied the crack behaviour of the specimens by light microscopy. Implementing the light
microscopy technique is simple and inexpensive, and 0.05-0.3 mm cracks can be detected at an
improved resolution. Furthermore, some microscopes have been equipped with specific functions
to get additional information on self-healing. For instance, fluorescence microscopy has been
applied to study the frequency and types of cracks in concrete technology (De Rooij et al., 2013).
Fluorescence microscopy is an effective tool for increasing the contrast between space and solid
phases, which favors distinguishing capillary porosity, air voids, and cracks from the hydration
products and other solids in the cementitious material microstructures. In the bargain, the
photographs from the camera and light microscopy are the only methods that can be applied to a
specimen without damage during sample preparation. Therefore, these two methods are the most
suitable for repeated observations throughout the healing period.

Internal cracks: Industrial X-ray computed tomography (CT) scanning is a non-destructive system
used to study the internal structure of materials, combining X-ray images taken from different
angles to create cross-sectional 2D images or 3D compositions (Banthia et al., 2014; Zhu et al.,
2018). A sample is rotated under the test, and many relative directions are across the sample. Every
point of the sample is traversed by different X-rays from different directions. The acquired 2D
cross-section images can be used to reconstruct 3D images. Van Tittelboom et al. (2011) and
Snoeck et al. (2016) successfully used X-ray computed tomography to discern internal cracks and
healing products in self-healing concrete. The self-healing products could be separated from the
cementitious matrix by subtracting the reconstructions obtained after the healing period and the
reconstructions before healing. The differential volume represented the formed healing products.
Besides, Cao et al. (2021) utilized CT scanning technology to investigate the relationship between
compressive strength and internal crack formation (e.g., crack width and volume) of cement-fiber-
tailings matrix composites. The CT scanning technology enables the exact position and orientation
of each individual fiber to be measured. This technology is extremely expensive and has a low
availability of equipment, which limits its application. In addition, health and safety hazards are
obstacles due to radiation risk. In addition, the electrical method is a non-destructive method to
evaluate cracks within a cementitious specimen by measuring its electrical properties. The
technique requires highly conductive fibers, such as steel or carbon fibers, to be added to the
cementitious materials. Measurement of the impedance values during the fracture process can be
used to detect crack propagation by using the frequency-dependent electrical properties of the fiber-
reinforced cementitious composite (Ferrara et al., 2018). Ding et al. (2013) evaluated the influence
of the combined use of nano-carbon black and carbon fiber as electrically conductive materials in
concrete beams to study the relationships among fractional change in resistance, the strain, and the
damage degree under bending in the pre-cracking region. Also, Wen & Chung (2007) confirmed
that damage self-sensing (to be distinguished from strain self-sensing) by electrical resistance
measurement is effective in carbon fiber-reinforced cement below the percolation threshold. This
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technique, however, may require dedicated and expensive equipment and a suitable post-processing
model to correlate electrical measures with crack width, which are the main disadvantages
impeding the wide applications.

3.4.2 Recovery of Mechanical Properties

Resonant frequency: The presence of cracks within cementitious materials impedes the
transmission through the matrix, which will, in turn, affect the resonant frequency of cementitious
materials. The resonant frequency (RF) measurement of cementitious materials based on ASTM
C215-19 “Standard Test Method for Fundamental Transverse, Longitudinal, and Torsional
Resonant Frequencies of Concrete Specimens’ has been proven to be a promising, non-destructive,
and relatively simple technique to determine the extent of damage and rate of self-healing (Yang
et al., 2009).

Ultrasonic pulse velocity: The ultrasonic pulse velocity (UPV) test is one of the most widely used
methods for evaluating self-healing in cementitious materials based on the procedures from ASTM
(C597-22 “Standard Test Method for Pulse Velocity Through Concrete.” Because the propagation
speed of ultrasonic waves in the liquid or gas is slower than in the solid, an increase in transmission
time indicates the defects and discontinuities within the cementitious matrix (Xu and Yao, 2014).
When the cracks are filled with self-healing products, the propagation time of UPV is reduced,
which can be used to demonstrate the self-healing process and to evaluate the effectiveness of self-
healing. However, UPV tests are prone to being interfered with by temperature changes and the
water in the matrix, affecting the accuracy (Tang et al., 2015).

Uniaxial tensile test. Although the inherent difficulties in performing stable uniaxial tensile tests
exist, the uniaxial tensile test has been employed by some researchers to evaluate the effectiveness
of self-healing in cementitious materials through the recovery of tensile strength, first cracking
strength, stiffness, and tensile strain capacity (Wang et al., 2019). For instance, Liu et al. (2017a
and 2017b) used a uniaxial tensile test to evaluate the durability of ECC and the level of self-
healing. The stiffness, first cracking strength, ultimate tensile strength, and tensile strain capacity
of ECC specimens were determined based on the tensile stress-strain relationships.

Splitting tensile test. The splitting tensile test has been widely used for pre-cracking specimens to
introduce cracks for self-healing recovery assessment tests. The splitting tensile test results in
strong instability after the post-crack response (Ferrara et al., 2018), but it has been employed to
evaluate the mechanical properties of cementitious materials via self-healing. Ozbay et al. (2013)
studied the self-healing ability of ECCs containing high-volume fly ash, utilizing splitting tensile
tests to generate microcracks and evaluate the mechanical recovery. It was shown that the preloaded
specimens had a remarkable recovery of the load-carrying capacity, deflection capacity, and
stiffness after exposure to continuous moisture and cyclic wet/dry for 60 days.

Bending test: Flexural or bend strength is defined as a material’s ability to resist deformation under
load. The flexural strength represents the highest stress experienced within the material at its
moment of rupture (Boresi et al., 1985). Three-point (Qureshi et al., 2016; Ferrara et al., 2014) and
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four-point (Wang et al., 2019; Ali et al., 2017) bending tests are commonly used to determine the
flexural strength of a specimen. The bending tests, three- and four-point bending tests, have been
commonly adopted to evaluate the self-healing capacity of cementitious materials by examining
flexural strength, deflection capacity, and stiffness. The bending test characterizes the behaviour of
a material subjected to an external load applied perpendicularly to a longitudinal axis of the
material.

Uniaxial compression test. The uniaxial compressive strength (UCS) test has been widely utilized
to measure the compressive strength of cementitious materials based on ASTM C39/C39M-21
“Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens.” The
compressive strength of cementitious materials reflects the integrity of the matrix to some extent,
such as the internal porosity and compactness. Thus, a compression test can be used to evaluate the
mechanical recovery of cementitious materials via a self-healing process (Zhang et al., 2017;
Bundur et al., 2017).

3.4.3 Recovery of Durability Properties

The achievement of self-healing in cementitious materials significantly promotes their durability
and prolongs the service life without requiring maintenance and repair. Since cracks directly impact
the durability performance of cementitious materials, it is essential to quantitatively evaluate the
effectiveness of self-healing capability in engineering practice, especially to assess the recovery of
durability performance through self-healing mechanisms. Therefore, different technologies have
been proposed for this purpose.

Water permeability test. The decrease in water permeability of self-healed pre-cracked specimens
can be used to measure the self-healing capacity. Water permeability tests are usually conducted
before and after cracking and healing. Two types of setups can be adopted: a falling head
permeability test setup and a constant head permeability test setup (Yang et al., 2009).

Chloride penetration test. The ASTM C1202-22 ““Standard test method for electrical indication of
concrete’s ability to resist chloride ion penetration”, measuring the reduction in the rate of chloride
migration, has been widely employed to characterize the recovery of durability performance of
cementitious materials through self-healing mechanisms. The method indirectly evaluates
resistance to chloride penetration by measuring the quantity of charge passing over a period using
an applied electrical potential.

Sorptivity/Absorption test. Sorptivity is related to absorption, with the latter being sometimes used
as an indicator of the volume of the capillary pore space or open porosity (Sabir et al., 1998). The
dried pre-cracked samples with and without self-healing were placed in a water container as the
cracked surface was immersed below the water surface. The samples were weighed at regular time
intervals. The results exhibited a clear distinction between the specimens with and without self-
healing, illustrating that capillary water absorption tests could also be used to determine crack
healing. The testing procedures can be followed as described in ASTM C1585-20, “Standard Test
Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes.”
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Mercury intrusion porosimetry test. Mercury intrusion porosimetry (MIP) is one of the most
widely used methods to evaluate the microstructure of cementitious materials. MIP has been
employed to analyze pore size distribution and total porosity of samples in cracked and healed
conditions based on the relationship between the amount of mercury flowing into the porous system
of the concrete materials and the applied pressure. Healing efficiency can be examined by the
reduction of the cumulative pore volume after healing conditions.

3.4.4 Characterization of Self-healing Products

The aforementioned methods are the most intuitive techniques to evaluate a self-healing system.
Apart from the quantitative assessment of damage degree or self-healing efficiency, characterizing
the chemical or mineral compositions of the crystalline precipitation and morphology of
microstructure within the cementitious matrix is also of great importance as an additional method
to support the self-healing behaviour. Therefore, contemporary instrumented analytical methods
have been successfully employed to characterize the nature of self-healing mineral or chemical
products, including X-ray diffraction (XRD), scanning electron microscopy (SEM), energy
dispersive X-ray analysis (EDX or EDS), thermogravimetric analysis (TGA), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), etc.

X-ray diffraction (XRD) analysis is the most utilized technique to analyze the compositions of
self-healing products. X-ray diffraction is an effective method for crystal structure analysis in the
laboratory. The crystal structure of each material is different, and the crystal structure includes
parameters such as lattice type and spacing between crystal planes. After irradiating the measured
sample with an X-ray of a certain energy, substances in the sample will be stimulated to produce
secondary fluorescence X-rays; then, the qualitative analysis of compounds can be conducted by
measuring the position of the diffraction angle.

Scanning electron microscopy (SEM) is widely used to analyze the microstructure of healing
products. SEM is a kind of scanning on the sample’s surface after focusing the electron beam
emitted by the electron gun. The composition, morphology, and structure of the sample surface are
observed and analyzed by detecting the signal generated by the interaction between the electron
and the sample. The interactions between the incident electron and the sample will stimulate
secondary electrons, backscattered electrons, absorbed electrons, Auger electrons, cathode
fluorescence, and characteristic X-rays. SEM mainly uses secondary electrons, backscattered
electrons, and characteristic X-ray signals to analyze the surface characteristics of samples.
Moreover, energy dispersive spectroscopy (EDS) analyses can also be performed to distinguish the
main elements present in the healing products. Therefore, SEM-EDS is usually combined to
identify the structure, morphology, size, and distribution of crystals (Muhammad et al., 2016).

Thermogravimetric analysis (TGA) is a technique where the mass of a polymer is measured as a
function of temperature or time while the sample is subjected to a controlled temperature program
in a controlled atmosphere (Charsley and Warrington, 1988). When applied to characterize the self-
healing products, TGA refers to a thermal analysis that measures the relationship between the mass
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of healing products and the temperature changes under a temperature control program. TGA is
usually used to determine the compositions of self-healing products.

A transmission electron microscope (TEM) is a microscopy technique in which a beam of
electrons is transmitted through a specimen to form an image (Wang et al., 2009). The specimen is
often an ultrathin section, less than 100nm thick, or a suspension on a grid. TEM has been
frequently used in cementitious materials to monitor the crack width changes during the self-
healing process, but is scarcely employed to analyze the healing products.

The infrared spectrum of a sample’s emission or absorption can be obtained using Fourier
transform infrared spectroscopy (FTIR) by performing a Fourier transform on the data. It is
employed to ascertain the molecular structure or recognize chemical species (Aratjo et al., 2016).
In contrast to the aforementioned analytical techniques, FTIR is more appropriate for analyzing the
organic phase. FTIR can provide valuable insights into changes in the different functional groups
of the healing products when organic agents are used.

3.5 Conclusions

This chapter of the literature review comprehensively presents the previous studies on the self-
healing behaviour and characterization of cementitious materials with a focus on conventional and
high-performance concrete, mortar, ECCs, and so forth. The much lower cement content (or much
higher water/cement ratio) in CPBs and different particle size distributions between tailings and
aggregates signify that the results of current self-healing studies on conventional concrete and
cementitious materials are not transferable to CPB materials. In addition, only limited studies were
conducted on the investigation of self-healing behaviour in the CPBs of autonomous healing with
an adopted low water/cement ratio, which cannot represent the typical CPB mixtures in practice.
Moreover, to date, it is clearly recognized from the literature review that no previous studies have
been carried out to explore the self-healing (autogenous healing) capacity and behaviour of CPB.
Furthermore, the effects of multiphysical (THMC) impacting factors are dominant in the evolution
of geotechnical features of the CPB matrix after being placed underground. It is essential to
investigate their impacts on the self-healing performance of CPB. Consequently, these research
gaps need to be addressed.
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Abstract

Cemented paste backfill (CPB, an engineered mixture of tailings, binder, and water), as one of the
sustainable technological innovations for mining waste management, is used extensively around
the world as a cementitious construction material in underground mines. The induced cracks within
the CPB material tend to severely weaken the integrity and mechanical strength of the CPB
structures as well as increase their permeability properties, undermining their safety, serviceability,
durability, and environmental performance. However, no studies have been conducted to
investigate the autogenous self-healing capability and behaviour of CPB. Therefore, this paper
presents the results of an experimental study on the autogenous healing behaviour in CPB material
to understand the self-healing mechanism and evaluate the self-healing efficiency through the
recovery of mechanical and permeation properties. To this end, the CPB specimens were pre-
damaged at different initial curing periods (i.e., 3, 7, and 28 days) and at different pre-damage
levels (i.e., 30 %, 50 %, 75 %, 90 %, or 100 % of ultimate compressive strength in the pre-peak
phase); then cured with self-healing periods of 1, 7, 28 or 90 days. Mechanical and hydraulic
conductivity tests were performed on the pre-damaged specimens to monitor the self-healing
changes. The results demonstrate that a significant self-healing capability does exist in the CPB
materials due to the formed self-healing products from continuous cement hydration interior of the
CPB matrix and carbonation of calcium hydroxide. The mechanical strength and hydraulic
conductivity of pre-damaged specimens can be restored to similar values of the control specimens
after 7 days and 28 days of self-healing periods, respectively. Furthermore, the study also reveals
that the CPB specimens with high pre-damage levels (i.e., 75 %, 90 %, or 100 %) can even achieve
up to 42 % higher mechanical strengths than the control specimens after 90 days of the self-healing
period, indicating that the initiated cracks within the CPB matrix can ameliorate the hydration
reactions, favouring the self-healing performance. The results presented in the paper would have
significant impacts and practical implications with respect to CPB structure design, mechanical
stability, and durability.

Keywords: Tailings; Cemented paste backfill; Self-healing; Mechanical properties; Hydraulic
conductivity; Underground mine.

4.1 Introduction

Self-healing, a phenomenon originating from the organisms in nature (i.e., damaged skins of trees
and animals can automatically heal without external intervention), has been introduced to
automatically repair the cracks in conventional cementitious materials by many researchers (Aitcin,
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2003; Cailleux & Pollet, 2009; De Belie et al., 2018; Ezeoguine, 2022; Ferrara et al., 2017; Gardner
et al., 2018; Graybeal, 2006; Li & Herbert, 2012; Li et al., 2009; Mehta, 1999; Qian et al., 2010;
Roig-Flores et al., 2016; Van Tittelboom et al., 2010; Van Tittelboom et al., 2011; Wang et al., 2019;
Wu et al., 2012; Zollo, 1997). The so-called self-healing can be defined as an ability of a material
that is able to heal/repair damages automatically by itself without any external intervention (Ghosh,
2009) or refers to a process that can sense, diagnose, and heal/repair a damaged condition without
intervention. Self-healing in the cementitious structure will automatically heal the crack, thus
reducing the permeability, restoring the function of the structure, enhancing durability, and
prolonging the longevity of service life.

The self-healing behaviour of cracks in fractured structures was initially noticed by the French
Academy of Science in 1836 in water retaining structures, culverts, and pipes (Van Breugel, 2007),
owing to the inherent self-healing potential in the traditional concrete structure. Traditional
concretes are made with a water/cement ratio between 0.4 and 0.55, in which only 70% of cement
particles will hydrate during the early curing period, and the remaining 30% of cement will stay
unhydrated in the matrix. Once cracks form within the structure, the hydration traction will start
again with unhydrated cement particles when exposed to penetrating moisture or water, thus filling
the cracks with delayed hydration products to restore the original properties. In the last decades,
flourishing research has extended the study of self-healing behaviour from traditional concretes to
cementitious materials, such as high-performance fiber-reinforced cementitious composites
(HPRFCCs) (Escoffres et al., 2018; Ferrara et al., 2016; Ferrara et al., 2017), ultra-high-
performance fiber-reinforced cementitious composites (UHPFRCCs) (Kim et al., 2019; Kwon et
al., 2014; Yoo et al., 2020), and engineered cementitious composites (ECCs) (Kan & Shi, 2012;
Qian et al., 2010; Yang et al., 2009; Yildirim et al., 2018) with or without healing agents.

Generally, self-healing approaches in cementitious materials can be roughly divided into two
categories: autogenous healing and autonomous healing (Blaiszik et al., 2010; Li & Herbert, 2012;
Van Breugel, 2007). Autogenous healing is the self-healing process in which cracks are healed by
delayed healing products within the cementitious matrix, and materials are not intentionally added
into the matrix or designed for self-healing (Cuenca & Ferrara, 2017), mainly attributed to two
chemical mechanisms (Edvardsen, 1999; Ramm & Biscoping, 1998): 1) hydration of unhydrated
cement particles and ii) dissolution and subsequent carbonation of calcium hydroxide. The cement
hydration product, calcium hydroxide Ca(OH),, precipitates on the crack surfaces, liberating and
dissipating Ca*" along the crack surfaces as they dissolve in water. The free Ca2+subsequently

reacts with carbonate ion CO3~ or bicarbonate ion HCO5 from dissolved carbon dioxide CO; to
form the self-healing product calcite CaCOs3, growing on both surfaces of the cracks and finally
filling the crack gaps (Wu et al.,, 2012). The chemical process can be described as follows
(Edvardsen, 1999):

H,0 + CO, & H,CO; & H™ + HCO; & 2H" + CO5’ (4-1)

Ca’" + CO3™ & CaCo; (4-2)
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Ca®" + HCO; < CaCO;+H" (4-3)

Apart from the chemical mechanism, the physical mechanism (i.e., swelling of calcium silicate
hydrates) and mechanical mechanism (i.e., loose particles broken from the fracture surface or
impurities in ingress water) also produce autogenous healing (De Belie et al., 2018). On the other
hand, the material used to heal cracks in autonomous healing does not originate from the matrix
itself but from other external sources, including directly added or embedded in capsules healing
agents from mineral agents (Ahn & Kishi, 2010; Roig-Flores et al., 2016; Sisomphon et al., 2012;
Yu et al., 2017), polymer-based agents (Dong et al., 2016; Lee et al., 2016; Snoeck et al., 2014;
Van Tittelboom et al., 2016), nanomaterials (Huseien et al., 2019; Qian et al., 2010; Qing et al.,
2007; Quercia et al., 2012), shape memory alloy (Duerig et al., 2013; Jefferson et al., 2010; Kuang
& Ou, 2008), to bacteria (Seifan et al., 2016; Van Tittelboom et al., 2010; Wang et al., 2014; Wang
et al., 2014). The activation methods can be crack propagation, contact with air or water, other
agents, and external changes (i.e., temperature and humidity). To date, the feasibility of
autonomous healing in a backfill material using embedded bacterial solution has been demonstrated,
and the incorporation of a mix of aerobic and anaerobic bacteria has been investigated to enhance
self-healing efficacy in polypropylene-fiber reinforced backfill (Xiang et al., 2023a; Xiang et al.,
2023b). Notwithstanding, the autonomous healing process is relatively complex and expensive to
be applied on a full scale in engineering practice due to its uncontrollable conditions, such as the
low survival rate of healing agent carriers during the mixing process, strict nutrient prerequisites
for bacterial growth, and intensive cost.

Cemented paste backfill (CPB), as an innovative cementitious material to increase mine
productivity, cost-effectively manage mine waste, and contribute to improved health and safety in
mining operations from a sustainable perspective, has been extensively studied and used over the
last decades (Kesimal et al., 2005; Roshani & Fall, 2020; Yilmaz et al., 2003). CPB, a cementitious
engineered mixture consisting of tailings with a solid percentage of 70-85%, binders with typically
3-7%, and water, is mixed in a plant usually located at the surface of the mine site and transported
to the underground to fill the extracted cavities or stopes by pumping or gravity, providing ground
support and control, a working floor and waste disposal. CPBs must meet certain load requirements
to ensure a safe underground working environment for all mining personnel, as mine backfill
failures often result in fatalities or injuries. The main geotechnical performance criterion for CPBs
1s mechanical stability, which is most assessed by uniaxial compressive strength (UCS).
Permeability (as defined by hydraulic conductivity) is one of the most important parameters that
influence the environmental performance and durability of CPBs (Fall et al., 2009).

As the problem that frequently appears in the aforementioned conventional cementitious materials
(i.e., concrete and mortar), cracks can also form in the CPB material or structure as well due to
several processes or factors, such as excessive stresses generated by the pressure of the CPB
overburden, stresses induced by the closure of rock walls adjacent to or surrounding the CPB
structures, rock burst, and shrinkage. The presence of cracks in CPBs tends to weaken the integrity
and mechanical strength of the structures as well as increase their permeability properties, thus
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severely compromising their safety, serviceability, durability, and environmental performance.
These weaknesses have been of deep concern to researchers and practitioners, especially with the
current trend of deep mining, where the stresses induced by rock wall closure and the intensity and
frequency of rock bursts are higher. In addition, CPB structures vary from a few tens to several
hundred meters underground in at least one dimension, which makes manual maintenance and
repair of cracks in CPB structures infeasible in practical manners.

It is well known that cementitious materials can have a self-healing capability, as discussed above.
However, no studies have been conducted on the self-healing (autogenous healing) ability and
behaviour of CPB and its impact on the recovery of mechanical and permeation properties of CPB.
Moreover, the lower cement content (or higher water/cement ratio) in CPBs, and different particle
size distributions between tailings used in CPB and aggregates utilized in concrete, signify that the
results of self-healing studies on traditional concrete and cementitious materials are not transferable
to CPB materials. It is therefore necessary to fill this knowledge and technology gap.

Given the research gap, the objectives of this research are to experimentally investigate the self-
healing (autogenous healing) behaviour in CPB material, understand the self-healing mechanism,
and evaluate the self-healing efficiency of CPB material through its recovery of mechanical and
permeation properties.

4.2 Materials and Experimental Program

4.2.1 Materials Used

4.2.1.1 Tailings

Silica tailings (ST), consisting of 99.8% (by weight) quartz SiO», which is found to be the dominant
mineral in hard rock mines in Canada, were used in this study. The selection of ST is to accurately
control the chemical and mineralogical components of the tailings, maintaining a minimum level
of uncertainties when studying the isolated impact of mixed components of CPB on its self-healing
behaviour. Instead, natural tailings may contain uncontrollable chemical elements (i.e., sulfate ions)
and minerals that can react with cement, impacting the outcomes of the study. The ST is analyzed
to have a similar grain size distribution to the average of nine Canadian mine natural tailings (NT),
as illustrated in Figure 4-1. It is observed that approximately 41-45% of particles in ST and NT are
finer than 20 um, which can be categorized as medium tailings (medium tailings have between 35%
and 60% of particles with size less than 20 pm), satisfying the general rule that CPB must contain
at least 15% by mass of particles less than 20 um in diameter (Landriault, 1995). In addition, the
physical properties and chemical compositions of ST are shown in Table 4-1 and Table 4-2.

4.2.1.2 Binder and mixing water

Portland cement Type I (PCI), the most frequently used binder in CPB technology, was used as the
binder to prepare CPB specimens. The physical and chemical properties of PCI are given in Table
4-3. Additionally, tap water was used to mix with ST and PCI to prepare the CPB mixture.
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Figure 4-1. Particle size distribution of the used ST along with an average of nine Canadian
mines NT.

Table 4-1. Physical properties of the tailings used and the average of nine natural tailings in Canada.

Dio Dso Dso Deo

Element Gs Cu Ce
(nm)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

Nine NT average - 1.8 9.1 20.0 30.8 17.1 1.7

Gs: specific gravity; Cu: coefficient of uniformity; Cc: coefficient of curvature.

Table 4-2. Chemical compositions of the used tailings.

SiO,  FeOs ALO; TiO, CaO  MgO Na,O KoO LOI
(%)

ST 99.8 0.035 0.05 0.02 001 <0.01 <0.01 0.02 0.1 7

LOI: loss on ignition.

Tailings

pH

Table 4-3. Characteristics of Portland cement type I.

) MgO  CaO Si0,  ALO3 FexO3  SO3 SSA
Binder t RD. ———
inder type WL %) )
PCI 265 6282 18.03 4.53 2770 3.82 3.20 1.30

RD: relative density; SSA: specific surface area.
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4.2.2 Specimen Preparation and Initial Curing

The required amounts of tailings, PCI, and water were accurately weighed and mixed in a mixer
for 7 minutes until a homogenous paste was obtained. The adopted mix proportion of binder (PCI)
in this study was 4.5% with a constant water-to-cement ratio (w/c) of 7.35. The consistency of the
prepared CPB mixture was measured to be 18 cm by slump tests in accordance with ASTM C143
(ASTM, 2020), which is the most frequently used slump value in CPB preparation, ensuring the
pumpability and transportability of the prepared CPB material. Then, the prepared CPB mixtures
were poured into cylindrical curing moulds with a size of ®50x100 mm. The specimens were
sealed with caps to avoid water evaporation and cured in ambient conditions with initial curing (IC)
periods of 3, 7, and 28 days (i.e., IC3, IC7, and IC28), respectively, for three batches before pre-
damaging (see Table 4-4). A total of 240 CPB specimens were prepared to investigate the self-
healing behaviour in CPB material.

4.2 3 Initial Crack Introduction

To study the self-healing behaviour of CPB material, various levels of mechanical pre-damage
were introduced using the UCS test. The mechanical damage level in CPB or other cementitious
materials quantifies the extent to which the material’s structure has been compromised due to
mechanical forces such as loading, stress, or deformation. It represents the degree of microcracking,
fracturing, or structural deformation caused by applied stresses or external forces. The damage
level typically ranges from zero (no damage) to one (or 100%), indicating complete failure or
maximum structural degradation. The UCS test stands out as the predominant method in CPB
practices owing to its simplicity, effectiveness in characterizing the material’s response to
compressive loading, and seamless integration into routine quality control programs at mining sites.
After the initial curing periods, the corresponding compressive strengths were determined in
accordance with standard ASTM C39 (ASTM, 2021), and the remaining specimens were loaded to
specified pre-damage levels with 0, 30%, 50%, 75%, 90%, or 100% (i.e., control, PC-30%, PC-
50%, PC-75%, PC-90% or PC-100%) in the pre-peak phase of their corresponding ultimate UCS
values, introducing different levels of crack damage within the specimens. Note that the maximum
pre-damage level in the Batch IC3 is 100% of the ultimate UCS, which means the load is increased
until reaching the peak stress, intending to investigate the autogenous healing capability of early-
age CPB material when a failure occurs. When the applied pre-load reached the target pre-
determined load values, the applied load was maintained for one minute and then released, and the
pre-damaged specimens were removed to prepare for the self-healing process. Tests were
performed in displacement control, using a computer-controlled mechanical press (MTS 10/GL)
with a normal loading of 50 kN and at a displacement ratio of 1 mm/min. The axial deformation
was automatically measured by using an internal linear variable differential transformer (LVDT)
connected to an electronic data acquisition system. The mechanical damage variable (D) can be
used to describe the different pre-damage levels, since the damage evolution is caused by the
propagation and coalescence of micro-cracks or micro-defects in a material. D is defined as follows
(Fall et al., 2009):
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D=1-E/E, (4-4)

where D is the damage variable, 0 <D<1; E is Young’s modulus of damaged CPB; Ey is the initial
Young’s modulus of CPB (determined in the elastic range of the stress-strain curve of CPB).

Table 4-4. Experimental program for each batch.

Batch Tailines PCIcontent  w/c  Initial curing  Pre-damage level  Self-healing period
nomenclature g (%) ratio (day) (%) (day)
1
0, 75%, and 100% 7
IC3 ST 4.50 7.35 ’ )
3 of UCS 28
90
7
0, 30%, 50%, 75%, 78
1C7 T 4.50 7.35 7
¢ 5 and 90% of UCS 90
0, 50%, 75%, and 28
IC28 T 4.50 7.35 28 ’ ’ ’
5 90% of UCS 90
4.2.4 Healing Condition

After initial pre-cracks were induced, the pre-damaged specimens were wrapped up with
transparent plastic films and stored in ambient conditions (temperature of 20°C) for self-healing
curing, together with undamaged control specimens. The self-healing periods, ranging from 1 to
90 days, were determined for the three studied batches based on the cement hydration progression
characteristics within the CPB mixture (Benzaazoua et al., 2004; Kesimal et al., 2005). Batch IC3
includes self-healing periods of 1, 7, 28, and 90 days, which are intended to capture both early-
stage (rapid hydration) and long-term self-healing mechanisms. Batch IC7 includes 7, 28, and 90
days, omitting the 1-day period to focus on self-healing from a slightly more developed hydration
stage. Batch 1C28, with self-healing periods of 28 and 90 days, prioritizes the self-healing
mechanisms at a more mature stage, where variations due to early hydration are minimized. This
selection ensures a comprehensive understanding of self-healing behaviour across different
hydration phases of CPB. Note that the studied specimens were pre-damaged on Day 0, marking
the start of the self-healing, with subsequent self-healing assessments at Days 1, 7, 28, or 90,
respectively. The curing condition without any external interference was intended to simulate the
underground condition after CPB being placed and to investigate the inherent self-healing
capability of CPB material without any additives. Eliminating external interference is crucial to
achieving a fundamental understanding of the self-healing behaviour of CPB and reducing
uncertainties in the analysis of the results. Allowing external factors, such as temperature variations,
water infiltration, and other conditions typical of underground mines, to influence the self-healing
process would obscure insights into the intrinsic, time-dependent self-healing mechanisms of CPB.
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Therefore, future studies should address the impact of such external factors on the time-dependent
self-healing behaviour of CPB, as this is beyond the scope of the present study.

4.2.5 Testing Methods for Self-healing

4.2.5.1 Crack characteristics

The observation of surface crack closure is the most straightforward method to examine self-
healing performance after exposure to healing conditions for pre-damaged specimens. Due to this
benefit, a digital microscope of 200X magnification with computer software was utilized as an
additional technique to measure the crack width alterations, assessing surface crack closure and
supporting other test results. The crack widths were measured from at least 15 positions, including
minimum and maximum crack widths on each measuring crack after the initial crack introduction
and then at 1-, 7-, 28-, and 90-day self-healing curing period, respectively.

4.2.5.2 Hydraulic property investigation

To monitor the impact of initial pre-cracks induced by mechanical loads and subsequent self-
healing behaviour on the hydraulic conductivity of CPB materials, saturated hydraulic conductivity,
k, tests were conducted on pre-damaged and healed CPB specimens using a triaxial cell with
flexible wall technique in accordance with ASTM 5084 (ASTM, 2016). A constant head method
means a known constant hydraulic gradient (10 psi or 69 kPa) between the inflow and outflow was
applied for measurement. Full saturation was achieved by applying backpressure after bridging the
inflow and outflow burettes until the flow through the specimen became constant. The test for each
specimen was repeated twice to ensure the reproducibility of results. The hydraulic conductivity, £,
can be calculated as follows:

AQ-L
k=22
A - Ah- At

(4-5)

where £ is hydraulic conductivity, cm/s; AQ is the quantity of flow during the certain time interval
At, taken as the average of inflow and outflow, cm?; L is the length of the specimen, cm; A4 is the
cross-sectional area of the specimen, cm?; At is the time interval, s; and 4% is the average head loss
of across the specimen, cm of water.

The hydraulic conductivity recovery ratio (HCRR) can be determined by:
HCRR (%) = L2 x100% (4-6)
0

where £y 1s the initial hydraulic conductivity, cm/s, measured after pre-damaging; 4 is the hydraulic
conductivity, cm/s, measured after specified self-healing period.

4.2.5.3 Mechanical property investigation

The compressive strength of cementitious materials reflects the integrity of the matrix to some
extent, such as the internal porosity and compactness. Thus, a compression test can be used to
evaluate the mechanical recovery of cementitious materials via a self-healing process. To determine
the strength recovery in CPB materials, the UCS tests were conducted on at least triplicate CPB
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specimens in accordance with ASTM C39 (ASTM, 2021) after 1-, 7-, 28-, and 90-day self-healing
periods on healed pre-damaged specimens and undamaged control specimens. A computer data
acquisition system with a constant deformation rate of 1 mm/min was utilized.

The percentage of UCS dwindled can be calculated by:

S0 - Spe
So

Sav= (4-7)
where Sq2; 1s the percentage of UCS dwindling, Sy is the initial compressive strength of undamaged
control specimens, and Sy is the compressive strength of pre-damaged specimens.

The relative changes in compressive strength (CCS) of the healed specimens compared to control
specimens can be calculated by:

CCS (%): Shealed = Scontrol (4_8)

control

where Sheareq 15 the compressive strength of the pre-damaged specimens after a self-healing period,
and Sconsror 1S the compressive strength of undamaged specimens with self-healing condition and
period.

4.2.5.4 Microstructural and chemical analysis

The physical properties of CPB material, such as void ratio, porosity, and water content (Ghirian
& Fall, 2013), have significant impacts on its mechanical performance. During the self-healing
process, the changes in void ratio and porosity of the studied pre-damaged specimens were
monitored to support other test results. To investigate the self-healing mechanism within the CPB
matrix, the techniques, including X-ray diffraction (XRD), scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS), and thermogravimetric analysis (TGA), were conducted to
perform the microstructural and chemical analysis of the studied CPB specimens and self-healing
products. Before testing, the CPB specimens were dried in an oven at 45°C until constant mass to
remove the free water within the matrix. After that, small pieces of fragments were collected from
the crack’s surfaces for SEM-EDS analysis to observe the microstructure and distinguish the main
chemical elements present in the self-healing products. Then, the self-healing products were
scratched and collected from the healed cracks for the XRD analysis to illustrate the chemical
components of self-healing products on the crack surface. Additionally, the powders of control
specimens and pre-damaged specimens after self-healing periods were prepared for the TGA
analysis to monitor the difference in cement hydration extent. The XRD analysis was performed
by Bruker D8 Endeavor equipped with a 1 kW sealed tube Cu Kalpha source (40 kV and 25 mA)
and a Lynxeye XE-T 1-D silicon strip detector. The SEM-EDS analysis was carried out using an
extremely versatile low-voltage and environmental mode JEOL 6610LV SEM with an attached
Oxford INCA large area SDD detector. The TGA analysis was conducted using a Setaram Setsys
24 thermogravimetric analyzer with a heating ramp of 10°C/min starting from room temperature
to 1000°C in a Nitrogen atmosphere.

78



4.3 Results and Discussion

4.3.1 Crack Observation and Characteristics

During the pre-damage process, different levels of pre-damage and generated microcracks or
cracks were observed. It was found that the pre-damage levels of PC-30% and PC-50% did not
lead to the propagation of cracks in the CPB specimens. As illustrated in Figure 4-2 and also
observed by (Fall et al., 2007), the level of mechanical load up to 50% of UCS (i.e., PC-30% and
PC-50%) falls in the elastic behaviour zone. However, as the level of mechanical load increases to
levels close to the peak region (i.e., PC-75% and PC-90%), the curve begins to exhibit the first
non-linear behaviour and micro-cracks can be observed in the CPB specimens (pre-cracked CPB).
As the slope of the curve and stress-bearing capacity decrease, the increasing load contributes to
the crack propagation in the pre-peak region until reaching peak load (i.e., PC-100%). Therefore,
the initiated cracks on the pre-damaged specimens are increasingly visible as the pre-damage level
enhances. These observations regarding the absence of cracks in CPBs below a mechanical pre-
load of 50% of UCS and their presence and progradation at pre-damage levels of PC-75%, PC-
90%, and beyond are consistent with the results presented in Figure 4-3. This figure shows the
evolution of the mechanical damage variable (D) in relation to the stress/UCS ratio applied (pre-
damage level or mechanical pre-load level) to a CPB sample made of 4.5% PCI and ST. It is clear
from this figure that when the stress/UCS ratio is 50% or less (i.e., the load is in the elastic stage
of the CPB stress-strain curve), the damage variable D is close to zero (D < 0.055), suggesting the
absence or negligible presence of micro-cracks or micro-defects in the CPB material. However, for
a stress/UCS ratio > 60% (in the plastic stage), a rapid increase of the D variable is observed,
indicating rapid generation and propagation of the micro-cracks in the CPB.

The observations of microcracks or cracks in pre-damaged CPB specimens before and after self-
healing are shown in Figure 4-4 and Figure 4-5. It is observed that the cracks were completely
healed or partially healed as white crystal-like substances formed and filled in the surface cracks
after certain self-healing periods. At the current stage of the study, the maximum crack widths that
can be completely healed with different initial curing and self-healing periods (listed in Table 4-5)
are measured as a direct assessment and representation of autogenous healing capability in the
studied CPB material. It is evident from Table 4-5 that the maximum width of completely healed
surface cracks increases as the self-healing period extends, regardless of the three batches with
different initial curing periods. Notably, the autogenous healing capability of Batch IC3 (younger
CPBs) is more pronounced than the other two batches (Table 4-5). For instance, after the same self-
healing period of 90 days, crack widths up to 92.9 um in IC3 can be completely healed, while the
batches of IC7 and IC28 exhibit smaller healed crack widths, 67.9 um and 48.6 um, respectively.
This means that the self-healing capacity of the CPB increases as cracks are generated in the CPB
at younger ages. The possible reason for the difference in healing capability is the content of
unhydrated cement in the CPB matrix, which dominates the recovery efficiency of self-healing by
autogenous healing in pre-damaged specimens. Younger CPBs contain more unhydrated cement
particles. To substantiate this assumption or explanation, TGA analysis was performed on the
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control specimens after the initial curing periods (i.e., IC3, IC7, and IC28) to determine the extent
of cement hydration and to detect the hydration products generated within the CPB matrix at Day
0 before the pre-damage process. Given that, TGA results (see Figure 4-8a) demonstrate that the
IC28 specimens display the highest rates of weight change that are associated with rapid weight
loss and major phase transformations, namely the dehydration of hydrates, such as C-S-H,
carboaluminates, ettringite, and gypsum at 110°C to 200°C (Fall et al., 2010; Noumowe, 1995;
Zhou & Glasser, 2001), the decomposition of Ca(OH), at 400°C to 500°C (Fall et al., 2010), and
the decomposition of CaCOs3 at 650°C to 750°C (Anderberg, 1997), indicating the highest degree
of hydration, which means the IC28 specimens contain the lowest content of unhydrated cement
within the matrix, thus contributing to the poorer surface crack closure. Moreover, the self-healing
performance of crack closure becomes diminished with the increasing crack widths, as shown in
Figure 4-5. The partially healed cracks illustrate that the healing products produce and grow from
both sides of the crack towards the middle, intending to fill the crack gap. Furthermore, it indicates
the existence of a capability limit in the autogenous healing for the CPB material. Therefore, crack
width is a significant factor affecting the self-healing efficiency of CPB materials, which is
consistent with other cementitious materials (Huang et al., 2016; Jiang et al., 2015; Maes et al.,
2014; Van Tittelboom et al., 2011; Wu et al., 2012). The narrower, shorter, or shallower cracks have
greater potential to be completely healed due to the smaller volume that needs to be filled.
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Figure 4-2. Stress-strain characteristics of CPB control specimens with different initial curing
periods (initial curing times of IC3, IC7, and IC28 are 3, 7, and 28 days, respectively).
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Figure 4-3. Evolution of mechanical damage variable (D) of CPB with a UCS of 355 kPa under
different mechanical pre-loads (ratios of applied stress/UCS) or pre-damage levels (data from
Fall et al., 2009).

Table 4-5. Maximum crack width healed after certain self-healing periods.

Batch nomenclature Self-healing period = Maximum completely healed crack width

(Day) (um)

1 21.3

7 53.9

13 28 75.6
90 92.9

7 46.1

IC7 28 56.1
90 67.9

28 10.8

128 90 48.6
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Figure 4-4. Typical observation of complete healing of Batch (A) IC3, (B) IC7, and (C) IC28
after different self-healing periods (1, 7, 28, and 90 days).
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Figure 4-5. Typical observation of partial healing of large cracks in Batch (A) IC3, (B) IC7, and
(C) IC28 after a self-healing period of 90 days.

4.3.2 Nature of the Self-healing Products

Apart from the quantitative assessment of damage degree or self-healing efficiency, characterizing
the chemical compositions of the crystal-like self-healing products and the morphology of
microstructure within the CPB matrix is also of great importance to gain insight into the
fundamental mechanisms responsible for the observed self-healing behaviour. Therefore,
microstructure analysis techniques, including XRD and SEM-EDS, have been employed to
characterize the chemical or mineral natures of the self-healing products.

XRD analysis was conducted on a small amount of crystal-like self-healing products in the powder
phase, which were scratched from the healed crack surfaces using a needle. The XRD patterns of
self-healing products and regular CPB materials of the control specimen are shown in Figure 4-6.
During the scratching procedure, it is impractical to collect only self-healing products from the
cracks but contain other substances around the cracks. Due to the silica tailings used in this study,
quartz has the most pronounced peaks, undermining the characteristic peaks of other substances.
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However, it can be observed at the two-theta degrees range of 25°-65° that the majority difference
of the peaks is related to calcite (CC) among the peaks of Ca(OH), (CH), C-S-H, CsS, and C.S,
which indicate that the calcite is more abundant and has higher intensities in self-healing products
compared to the regular (control) CPB material when excluding the peaks of quartz, demonstrating
that the calcite is the primary self-healing product of the surface cracks of the CPB specimens.
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Figure 4-6. XRD result of (a) surface self-healing products and (b) control CPB specimen.

The SEM-EDS analysis was performed on the self-healing products interior of cracks with an
approximate depth of 2 mm along the crack gap, intending to capture the microstructure images
and identify the chemical natures. Figure 4-7 exhibits the representative SEM-EDS micrographs
of different analyzed locations. In all EDS diagrams of different locations, Si shows the highest
peaks due to the silica tailings used in the study and its effect cannot be eliminated during the
analysis. The detected Cl peak in the self-healing products originated from the used epoxy (shown
as dark color in the figures), which was used to integrate the cracks when peeling off and to prevent
the powders from contaminating the SEM chamber. Moreover, it is observed that the traces of Ca,
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Al C, and O peaks were clearly detected, suggesting that the combination of C-S-H, Ca(OH),, and
CaCO:s is expected to be the primary self-healing products inside the cracks of CPBs. Nevertheless,
it is difficult to rule out the detected self-healing products due to i) the limitation of EDS that
adjacent phases may bleed into one another affecting the results (Kan et al., 2010), and ii) the
application of epoxy may disarrange the substances inside the cracks during the sample preparation.
Therefore, a more precise method to intactly detach the crack should be utilized in future studies.

(a) (b)

Figure 4-7. (a) SEM images of the healing products interior of the crack and (b) EDS patterns of
the detected self-healed products.

Furthermore, TGA analysis conducted on the powders collected from the interior of both control
and pre-cracked specimens revealed a higher extent of cement hydration and carbonation of
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Ca(OH): in the pre-cracked specimens compared to the controls after the same self-healing periods
(Figure 4-8). As demonstrated in Figure 4-8, this finding is evident from the apparent higher weight
loss observed in pre-cracked specimens at temperatures of 600-800°C, indicating the
decomposition of CaCOs, and at temperatures of 110°C to 200°C, which corresponds to the
dehydration of hydrates (i.e., C-S-H). Notably, the TGA results are consistent with the findings
obtained from XRD and SEM-EDS analysis, highlighting the strong evidence supporting the
primary self-healing products system of CPBs as a combination of C-S-H, Ca(OH),, and CaCOs.
The agreement and consistency among all three microstructure analysis techniques further support
that the combination of C-S-H, Ca(OH)z, and CaCOs is most likely to be the primary self-healing
products system of CPBs.
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Figure 4-8. TG/DTG analysis of (a) control specimens after the initial curing period and pre-
damage impact on cement hydration of Batch (b) IC3, (c) IC7, and (d) IC28 (dashed lines in the
graphs represent derived weight (Deriv. Weight)).

4.3.3 Recovery of Compressive Strength

Figure 4-9 illustrates the compressive strength recovery and development of the healed pre-
damaged CPB specimens for the Batch (A) IC3, (B) IC7, and (C) IC28 in comparison to the
undamaged control specimens over the studied self-healing periods. All control specimens were
subjected to the same self-healing conditions as the pre-damaged specimens. Each UCS data point
was tested and averaged with at least three specimens.
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Figure 4-9. Compressive strength recovery of Batch (A) IC3, (B) IC7, and (C) IC28 with
different self-healing periods.

The reduction in compressive strength of the pre-damaged specimens prior to self-healing on Day
0 was quantified using the Sd% index, as defined in Eq. 4-7. Similarly, the recovery of compressive
strength in the pre-damaged specimens on Day 1, 7, 28, or 90, was assessed using the index of
CCS, calculated according to Eq. 4-8. Specifically, it can be observed in Figure 4-9 (B and C) that
the specimens pre-damaged at the levels of PC-30% and PC-50% exhibit higher UCS values than
the control ones. Moreover, the younger the CPB, the greater the difference in strength. For
example, the strength of the CPB specimens from IC7 is up to 37.5% higher than that of the control
specimens (Figure 4-9B), while the strength of the IC28-CPB specimens is only 4.9% higher than
that of the control. This higher strength of the CPB subjected to pre-damaged levels of 30% and
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50% is ascribed to the contracting volumetric behaviour of the CPB material under uniaxial
compressive loading (Fall et al., 2009). These CPB specimens were compacted under the pre-
damage levels of PC-30% and PC-50%, below which no cracks were observed (D close to zero,
see Figure 4-3), and the CPB material became denser and less porous. Higher density and finer
pore structure are obviously associated with higher strength of CPBs (Fall et al., 2009; Ghirian &
Fall, 2015). This contracting behaviour is stronger in the younger CPB material (Fall et al., 2009).
For shorter curing times, CPB becomes softer, i.e., more compressible, due to the low extent of
hydration of the cement. In contrast, Figure 4-9 shows that at Day 0 of healing, CPB samples
subjected to higher levels of pre-damage (PC-75%, PC-90%, and PC-100%) have lower strength
than control samples. For example, the pre-damage level of PC-75% induced an 8.3% and 14.3%
reduction in the strength of IC3 and IC7 specimens (Figure 4-9 A-2 and B-2), respectively.
Moreover, a 22.0% and 20.6% decline in compressive strength was obtained for the IC7 and 1C28
specimens pre-damaged to PC-90% (Figure 4-9 B-2 and C-2), respectively. The pre-damage level
of PC-100%, intended to investigate the self-healing ability of the CPB material after failure at an
early age, resulted in a 23.5% decrease in the strength of the IC3 samples (Figure 4-9 A-2). This
lower strength of pre-damaged CPB specimens at a level of PC-75% or higher and the decrease in
strength as the level of pre-damage increases from PC-75% to PC-100% is due to the generation
and proliferation of cracks in the CPB specimens. This crack generation and propagation is more
intense as the level of pre-damage increases. These statements are consistent with the results of the
evolution of the mechanical damage variable (D) of the CPB subjected to different levels of pre-
damage, presented in Figure 4-3. This figure shows that the mechanical damage variable, D, which
captures crack generation and production, increases rapidly as the pre-damage load (applied
stress/UCS) reaches 60% and becomes higher.

Furthermore, Figure 4-9 shows that after 7 days of self-healing and beyond, CPBs subjected to a
pre-damage level of PC-30% and PC-50% have nearly similar strengths to those of the controls. In
other words, the aforementioned compaction effect induced by the mechanical pre-loads PC-30%
and PC-50% dissipates during the self-healing period. This phenomenon can be attributed to the
continuous hydration and curing of CPB, which leads to the formation of a more rigid and cohesive
microstructure, reducing the influence of initial compaction on strength retention. Additionally,
autogenous and drying shrinkage could lead to the formation of microcracks, counteracting the
initial densification and the strength gains from initial compaction, thus indicating that the intrinsic
material properties dictate long-term strength development (Ghirian & Fall, 2015; Hou et al., 2018;
Yan et al., 2022). In addition, from Figure 4-9, it is noticed that 7 days after cracks were initiated
(i.e., shown as Day 7 in figures), the pre-cracked specimens (CPBs pre-damaged to PC-75%, PC-
90%, and PC-100%) recovered to similar compressive strength values to the control specimens
even though the presence of cracks initially (at Day 0) had a negative effect on the strengths. As
the self-healing continues, these pre-cracked specimens gradually achieve higher compressive
strengths than the control ones. On Day 90 of self-healing, specimens IC3, IC7, and IC28 with the
pre-damage level of PC-75% restored strengths 26.5%, 14.5%, and 12.4% higher than the control
specimens, respectively. Furthermore, the increase is more pronounced for the specimens with a
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higher pre-damage level. For example, after 90 days of self-healing, the strength of specimens 1C3
with a pre-damage level of 100% is 41.5% higher than that of the control, while the strength of
specimens IC7 and IC28 with a pre-damage level of 90% is 22.0% and 18.3% higher than the
controls, respectively. This strength recovery performance is due to the autogenous healing in the
CPB material.
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Figure 4-10. Schematic representation of the self-healing mechanism within the CPB matrix with
(a) detached pores and (b) interconnected pores.

Autogenous healing is the self-healing process occurring in cementitious materials in which cracks
are healed by healing products produced by delayed hydration of unhydrated cement (C-S-H) and
carbonation of CaOH; within the cementitious matrix without intentionally added healing agents
(Cuenca & Ferrara, 2017). As demonstrated in Figure 4-8, the continuous cement hydration
dominates the self-healing behaviour in the studied early-age CPB specimens, governing the
mechanical strength recovery and development. Figure 4-10 illustrates schematically the self-
healing mechanism that occurred within the CPB matrix. When the cracks are randomly initiated,
the voids inside the CPB matrix will be compacted and interconnected by the cracks, resulting in
volume reduction. During the self-healing process, the cracks provide the pathways allowing the
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02, CO», and H>O to penetrate the CPB matrix, which are the essential elements to accelerate the
cement hydration and Ca(OH)> carbonation (Ghirian & Fall, 2015; Huang et al., 2016; Song et al.,
20006). As the self-healing period increases, the continuous cement hydration favors the refinement
of the pore structure and decreases the porosity of the CPB materials by allowing the
aforementioned autogenous healing products to fill the voids within the CPB matrix (Fall et al.,
2009). The refinement of the microstructure with an increasing self-healing period is graphically
represented in Figure 4-11 to demonstrate its contribution to the mechanical strength regained with
the increasing self-healing period. As the self-healing period elongates, it can be seen that the
porosity and void ratio of pre-damaged specimens decrease. As a result of the cement hydration
process and the increased production of hydration products, the pore structure becomes more
refined over time (Fall & Samb, 2008). Additionally, since the delayed cement hydration products
after the pre-damage process have a similar strength to that of the primary hydration products,
autogenous healing is capable of restoring the mechanical strength of the CPBs.

One of the interesting findings in the investigation of mechanical strength recovery is that the
specimens with pre-damage levels of PC-75%, PC-90%, or PC-100% regained higher compressive
strengths than the control specimens after 28 days and 90 days of self-healing periods, indicating
that the initiated cracks within the CPB matrix could improve or accelerate the hydration reactions
and strength development. In light of the TGA results shown in Figure 4-8 b-d, they display a
higher extent of hydration and carbonation of Ca(OH); in the pre-cracked CPB specimens than the
control ones without cracks after the same 90 days self-healing period. It is observed that the main
difference is the higher weight loss of CaCOs in the pre-cracked specimens at the temperature range
of 600-800 °C, denoting the higher content of CaCO3 formed inside the CPB matrix. As the self-
healing mechanism discussed previously, the induced cracks provide the pathways allowing more
COs to penetrate inside the CPB structure, which contributes to the carbonation reaction from
Ca(OH); to CaCOs. Even though the amount of generated CaCOj3 from the carbonation of Ca(OH)
1s small, it further contributes to the self-healing behaviour and strength recovery as well. A similar
performance was also observed for another type of cemented material by Carret et al. (2021). They
reported that the dynamic Young’s modulus and the compressive and indirect tensile strengths of
cement-treated base material samples with pre-crack are higher than those of the samples without
pre-crack at an early age.

4.3.4 Analysis of Hydraulic Conductivity Changes

To evaluate the self-healing behaviour of CPBs impacted by the mechanical damage through the
permeability performance, the evolution of saturated hydraulic conductivity (ksa) of the different
pre-damaged CPB specimens with different initial curing times and self-healing periods is shown
in Figure 4-12.

As illustrated in the figure, at Day 0, the low pre-damage levels of PC-30% and PC-50% do not
significantly increase the hydraulic conductivity compared to the control specimens due to the
volumetric contracting behaviour of the CPB material under uniaxial compressive loading (Fall et
al., 2009) and the absence or insignificant generation of cracks in the CPB at these levels of pre-
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damage (see Figure 4-3). As the pre-damage level increases to PC-75%, PC-90%, and PC-100%
(i.e., above the threshold stress level (Fall et al., 2009), the values of ks on Day 0 start to increase
promptly and significantly. The cracks generated and the deficient pore structure result in rapid
water transfer through the CPB matrix, thus leading to high ksa values. This behaviour is more
pronounced in the early age IC3 batch due to the lower extent of cement hydration (Figure 4-8a)
and the poorer pore structure (Figure 4-11).
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Figure 4-11. (a) Changes of porosity and (b) void ratio with different self-healing periods of pre-
damaged specimens in Batch (A) IC3, (B)IC7, and (C) IC28.

In addition, from Figure 4-12, it is clearly observed that, during the self-healing process, the values
of ksat decrease with progressive self-healing periods. This decrease in the hydraulic conductivity
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is attributed to the aforementioned autogenous healing, which contributes to the continuous cement
hydration and carbonation of Ca(OH),, resulting in the self-healing products of C-S-H, CH,
ettringite, CaCQ3, etc., to modify the pore structure within the CPB matrix (Bullard et al., 2011;
Ercikdi et al., 2009). As the autogenous healing progresses, the produced self-healing products fill
in the voids and cracks, resulting in a more refined pore structure within the matrix to block the
internal connections, thus decreasing the values of ks This explanation is consistent with the
corresponding porosity and void ratio results (see Figure 4-11), which exhibit a descending
tendency as the self-healing process progresses. In addition, the TGA results are presented in Figure
4-8 to further confirm the higher extent of cement hydration of the specimens with high pre-damage
levels. The introduced cracks act as conduits that facilitate the flow of CO2, O, and H2O into the
matrix of CPB, expediting the carbonation of Ca(OH)> and cement hydration, thus producing more
self-healing products to fill the cracks. Furthermore, it is noted that the specimens IC7 and IC28
with PC-75% and PC-90%, respectively, were able to achieve hydraulic conductivity similar to that
of the control specimens after 90 days of self-healing; even the IC3 specimens with PC-100% could
recover their hydraulic conductivities attributed to the abundant autogenous healing products.
According to Eq. 4-6, the hydraulic conductivity recovery ratios (HCRRs) of the specimens with
the highest pre-damaging levels, i.e., IC3 (PC-100%), IC7 (PC-90%), and 1C28 (PC-90%), are
92.7%, 86.9%, and 70.8%, respectively. The results of HCRRs indicate that the pre-cracked
specimens with shorter initial curing time or at an earlier age have a higher capability of autogenous
healing than the ones with longer initial curing time. In other words, the extent of cement hydration
is more vigorous in the early age pre-cracked specimens which could produce more self-healing
products to achieve similar hydraulic conductivities, porosities, and void ratios compared to control
specimens, in turn contributing to the higher strength regain during the self-healing process than
the control specimens. However, the full recovery of hydraulic conductivity (i.e., HCRR = 100%)
was not achieved in the healed pre-damaged CPB specimens over the entire self-healing period.
This disparity in hydraulic conductivity is primarily attributed to the presence of unhealed or
partially healed macrocracks within the CPB matrix (Quan & Fall, 2025). The limited availability
of cement particles in the CPB mixture, which dominates the capability of autogenous healing,
restricts the amount of produced self-healing products. As a result, the generated cracks cannot be
fully sealed due to insufficient self-healing products, leading to persistently higher hydraulic
conductivity even after the self-healing process, particularly in pre-damaged specimens with a
longer initial curing period.

4.4 Summary and Conclusions

This paper presents the experimental results of a study aiming to investigate the self-healing
behaviour in CPB material. The self-healing mechanism and efficiency have been evaluated via
various techniques, including analytical tests of XRD, SEM-EDS, and TGA, and monitoring the
recovery of mechanical and permeation properties through the UCS test and hydraulic conductivity
test. Based on the results, the following main conclusions can be drawn from the study.
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CPB materials have a high capacity for self-healing. The degree of self-healing depends on
the age of the damaged CPB and the degree of mechanical damage. From the direct
observation of the cracks by a digital microscope, it is demonstrated that the self-healing of
microcracks in CPB material can occur under the ambient exposure condition without
external interference and additives. Microcracks generated with a crack width of up to 92.9
um at the initial curing age of 3 days, i.e., IC3, can be completely healed after a self-healing
period of 90 days, which can be explained by the higher content of non-hydrated cement
particles, indicating that microcracks initiated at the initial curing age have a greater
potential for healing than those at the medium and long curing ages, i.e. IC7 and IC28. In
addition, the appearance of partially healed cracks reveals the maximum self-healing
capability and limit in the autogenous healing for the studied CPB material in this
experimental program.

The XRD results illustrate that the calcite CaCOs is the main substance of the white crystal-
like self-healing product formed between the surface crack gaps. Then, the SEM-EDS
analysis performed on the self-healing products interior of cracks and the TGA result of
pre-cracked specimens represent that the combination of C-S-H, Ca(OH),, and CaCOs is
most likely to be the primary self-healing products inside the cracks of the CPB.

It is found that the CPB specimens with high pre-damage levels, i.e., PC-75%, -90%, or -
100%, can not only restore their compressive strengths similar to the control uncracked
specimens after 7 days self-healing period, but they also develop even up to 41.5% higher
strengths than the control ones after 90 days self-healing period. This performance is more
pronounced for the specimens at an early age with high pre-damage levels. Since the
initiated cracks provide the pathways for the flow of O», CO>, and H>O inside the CPB
matrix, the self-healing (autogenous healing) behaviour is dominated by the continuous
cement hydration and carbonation of Ca(OH)>. The generated self-healing products
gradually refine the initial pore structures, filling the voids as the self-healing progresses,
thus decreasing the porosity and void ratio of pre-cracked specimens and contributing to
the improvement of the mechanical strength recovery and development. Moreover, the pre-
damage levels of PC-30% and PC-50% induce hardly any influence on the compressive
strength in contrast to the control specimens, except for the short immediate compaction
effect right after the pre-damage procedure.

The changes in saturated hydraulic conductivity ksar during the self-healing process further
demonstrate the self-healing behaviour of CPB material. After 90 days of self-healing, the
hydraulic conductivity recovery ratios of 92.7%, 86.9%, and 70.8% are achieved in the
highest pre-damaged specimens from IC3, IC7, and IC28, respectively. The early-age pre-
cracked specimens have a higher capability of self-healing (autogenous healing), which
infers that the pre-cracks stimulate the formation of self-healing products filling the cracks
to restore or improve the inherent property.
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The self-healing capability of CPB presents significant advantages for mining operations by
enhancing the long-term stability, durability, and efficiency of underground backfill structures. The
inherent autogenous healing process mitigates the development of microcracks and favours the
recovery of permeability and mechanical strength of the CPB matrix through the precipitation of
self-healing products, thereby reducing water ingress and structural degradation. This extends the
service life of CPB and minimizes the need for costly maintenance or additional reinforcement.
Furthermore, self-healing in CPB enhances backfill performance while optimizing material
utilization, supporting more sustainable mining practices by reducing material waste and
environmental impact. However, as a preliminary investigation into the autogenous healing
mechanisms of CPB, this study only incorporated the silica tailings, necessitating further research
on the influence of other mineralogical constituents present in natural tailings. Additionally, the
controlled laboratory conditions may not fully capture the complex underground mining
environment, where factors such as thermal fluctuations, curing stress, and varying hydraulic
conditions could influence self-healing behaviour. Future research incorporating these variables
would enhance the understanding of self-healing (autogenous healing) applied to the CPB
technology.
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Figure 4-12. Changes of hydraulic conductivity with different self-healing periods of pre-
damaged specimens in Batch (A) IC3, (B) IC7, and (C) IC28.
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Chapter 5 Crack Self-healing Capacity and Performance Recovery of
Cemented Paste Backfill Subjected to THMC Factors

5.1 Introduction

Portland cement, which dominates the development of properties within the CPB structure through
the bonding of tailings particles and hydration products, also governs and contributes to the
performance of the self-healing (autogenous healing) in CPB material, as discussed in Chapter 4.
Moreover, CPB structures are exposed to complex and dynamic conditions after being placed
underground. These factors interact and influence the properties of CPB, such as strength,
permeability, and long-term durability, under different thermal, hydraulic, mechanical, and
chemical conditions, as explicated in Chapter 2. However, based on the literature review of
previous research work (Chapter 2 and Chapter 3), there are limited previous studies conducted on
the self-healing behaviour of CPB, and none of them have addressed the effects of thermal (curing
temperature), chemical (sulphate content), hydraulic (drainage) and mechanical (crack-inducing
stress) factors on the self-healing behaviour and capacity of CPB.

In this chapter, Section 5.2 investigates the self-healing behaviour of CPB in the presence of
different sulphate concentrations. It is demonstrated that the sulphate ions can positively or
negatively affect the self-healing efficiency of CPB, depending on the sulphate concentrations and
self-healing period. The formation of ettringite and gypsum as the newly introduced components
of self-healing products combined with C-S-H, Ca(OH),, and CaCO3 contributes to the observed
self-healing performance. Section 5.3 explores the effects of temperature on the self-healing
performance of CPB. The elevated temperatures (up to 50°C in this study) enhance the self-healing
process within the CPB matrix compared to room temperature (20°C), primarily due to accelerated
binder hydration and improved degree of cement hydration. However, the low temperature (2°C)
induces negligible self-healing performance due to that the low temperature inhibits cement
hydration, leading to insufficient self-healing products. Section 5.4 presents the influence of
varying drainage conditions on the self-healing behaviour and performance of CPB. Self-healing
efficiency is found to be improved as the drainage condition is enhanced, which is attributed to the
combined effects of enhanced cement hydration and microstructural refinement. Section 5.5
reveals the autogenous self-healing efficiency of CPB with different crack damage induced by three
mechanical pre-cracking methods, including uniaxial compression, triaxial compression, and
indirect tensile loading. The specimens pre-cracked under uniaxial and triaxial compression
loading exhibit comparably promising self-healing performance attributed to the pronounced
autogenous self-healing mechanisms and favourable crack geometries within the matrix. In
contrast, the specimens subjected to indirect tensile loading show inferior self-healing efficiency
due to the unhealed major cracks destroying the integrity of the matrix. The specific details and
findings of these experiments are presented and discussed in sections 5.2, 5.3, 5.4, and 5.5.
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5.2 Paper II: Self-Healing Capacity of Cemented Paste Backfill in Response to Internal
Sulphate Exposure
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Abstract

This paper experimentally investigates the effect of internal sulphate exposure on the self-healing
capacity of cemented paste backfill (CPB). CPB specimens were prepared with different sulphate
concentrations of 0, 5,000, 15,000, and 25,000 ppm and cured under ambient conditions for an
initial curing period of 7 days. Following the initiation of the cracks within the CPB matrix at
various pre-cracking levels (i.e., 0%, 75%, and 90% of ultimate compressive strength in the pre-
peak phase), the studied specimens were subjected to various self-healing periods of 7, 28, and 90
days. Self-healing performance was evaluated by observations of crack closure, mechanical
strength tests, hydraulic conductivity measurements, and assessments of physical properties (i.e.,
porosity and void ratio). Self-healing products were identified using X-ray diffraction (XRD),
scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), and thermogravimetric
analysis and derivative thermogravimetry (TG/DTG) techniques. The experimental results show
that sulphate significantly affects the self-healing performance of CPB. The highly sulphated
specimens (i.e., 25,000 and 15,000 ppm) generally exhibit a more pronounced self-healing
efficiency in terms of strength and hydraulic conductivity recovery during the first 28 days of self-
healing, followed by an opposite performance during the 90 days of the self-healing period.
Conversely, specimens with low sulphate concentrations (i.e., 5,000 ppm) consistently displayed
positive effects on self-healing performance throughout the entire self-healing duration. The
inhibition of cement hydration by sulphate ions and the amount of formed expansive minerals (i.e.,
ettringite and gypsum) emerged as critical factors underlying these observed behaviours.
Furthermore, the combination of ettringite, gypsum, C-S-H, Ca(OH), and CaCO3 was identified
as the primary self-healing products in the examined specimens. The results presented in the paper
hold significant implications for the design, mechanical stability, and durability of CPB structures
exposed to sulphate ions, offering valuable guidance for engineering practice.

Keywords: Cemented paste backfill; Self-healing; Sulphate attack; Tailings; Mechanical
properties; Hydraulic conductivity.

5.2.1 Introduction

Cemented paste backfill (CPB), an engineered mixture typically consisting of 70-85% of tailings,
3-7% of hydraulic binders, and water, has gained widespread recognition for its application in post-
mining backfilling processes (Bull & Fall 2020; Kesimal et al., 2005; Benzaazoua et al., 2004). It
serves multiple critical functions, including the establishment of a secure working surface for
personnel and machinery, the environmentally sound disposal of mining tailings, and the
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enhancement of ore/pillar recovery to boost overall productivity (Ghirian & Fall, 2016). The use
of CPB offers the potential to reintegrate up to 60% of the tailings produced by mining operations
back into underground cavities. This process effectively minimizes the need for extensive surface
tailings impoundments and consequently reduces the costs associated with land reclamation
(Yilmaz et al., 2005).

Mechanical strength stands as one of the significant performance criteria of CPB materials from
the early to advanced curing ages. In general, achieving adequate mechanical strength is
indispensable to meet the demands of dynamic and static loads, ensuring the stability of
underground stopes and the surrounding rock formations during various mining activities (i.e., up
to 1 MPa is often needed for free-standing walls) (Belem & Benzaazoua, 2007). Failures in CPB
integrity can result in significant financial repercussions and regrettably have been associated with
fatalities and injuries, an issue observed not only in Canada but also globally. The attainment of
robust early strength in CPB materials serves a dual purpose by mitigating the risk of liquefaction
and shortening the mining cycle, thereby enhancing productivity and reducing operational costs.
Typically, Portland cement predominantly contributes to the strength development within the CPB
structure through the hydration products (i.e., calcium-silicate-hydrate, calcium hydroxide, and
ettringite), which dominate the mechanical properties of the CPB structure.

Numerous research works have delved into the mechanical properties of CPB materials, alongside
the various influential factors at play, such as specimen composition (Wu et al., 2015; Klein &
Simon, 2006; Fall et al., 2004), temperature (Walske et al., 2016; Nasir & Fall, 2010; Fall & Samb,
2009), sulphate (Wang et al., 2020; Aldhafeeri & Fall, 2017; Li & Fall, 2016; Ercikdi et al., 2013;
Fall & Pokharel, 2010), curing stress and drainage (Ghirian & Fall, 2016; Yilmaz et al., 2014), and
chemical and mineral additives (Al-Moselly et al., 2022; Haruna, 2022; Behera et al., 2021; Jiang
et al., 2020; Klein & Simon, 2006). Among these factors, sulphate content has emerged as an
important aspect significantly impacting CPB properties and structural integrity, which is often
associated with strength loss and change in pore characteristics due to internal sulphate attack.
Sulphate ions are often present in CPB systems and their introduction can stem from diverse
sources (Fall & Pokharel, 2010; Fall & Benzaazoua, 2005;). First, sulphide-rich tailings, typically
containing up to 60% sulphide minerals like pyrite, yield sulphate ions through the oxidation of
these minerals. Additionally, sulphate can be introduced into the CPB structure through the use of
sulfur dioxide/air for cyanide destruction in gold mining. Furthermore, the inclusion of gypsum
(CaS04:2H>0) or anhydrite (CaSOs) to regulate cement setting can introduce trace amounts of
sulphate into the CPB mixture. Lastly, mine processing waters employed in CPB mixture
preparation may contain substantial sulphate concentrations. The effects of internal sulphate attack
on CPB materials have been extensively explored in previous studies. For example, Benzaazoua et
al. (1999) investigated the impact of chemical and mineralogical changes on CPB’s mechanical
strength and highlighted how the presence of sulphides in the tailings led to the dissolution of calcic
phases in cement hydrates, compromising strength. (Fall & Pokharel, 2010) suggested that sulphate
absorption by C-S-H could lead to the formation of lower-quality C-S-H, thereby undermining
CPB strength. Moreover, (Xiapeng et al., 2019) examined the influence of internal sulphate content
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on CPB’s rheological properties, demonstrating that the yield stress decreases as initial sulphate
concentrations increase, while apparent viscosity exhibits the opposite trend. Furthermore, higher
initial sulphate concentrations result in reduced self-desiccation rates within the CPB (Li & Fall,
2016). Similarly, the sulphate attack also induces the deterioration of mechanical strength and
failure of other cementitious materials, such as concrete (Neville, 2004), mortar (Maes & De Belie,
2014), engineered cementitious composites (ECC) (Liu et al., 2017), and so forth.

In addition to the influence of sulphate content during the curing phase, the formation of cracks
within the CPB structures, attributed to various factors, including excessive stresses from CPB
overburden, pressure-induced stresses during the closure of adjacent rock walls, rock bursts, and
shrinkage, significantly undermines their structural integrity and mechanical strength. These cracks
also increase permeability properties, thereby compromising safety, serviceability, durability, and
environmental performance. The concept of self-healing (autogenous healing) (Yoo et al., 2020;
Yildirim et al., 2018; Ferrara et al., 2017; Van Tittelboom & De Belie, 2013) has been extensively
investigated and implemented in conventional cementitious materials to address crack initiation.
The inherent autogenous healing behaviour reduces labor and costs, offering an efficient means to
maintain or repair cracks in cementitious infrastructures. When a crack forms, the embedded self-
healing system within the cementitious structure automatically initiates healing, reducing
permeability, restoring structural function, enhancing durability, and extending service life
(Qureshi & Al-Tabbaa, 2020; De Belie et al., 2018). However, research on self-healing capacity in
the presence of sulphate conditions remains limited to date. For example, Liu et al. (2017) evaluated
the healing of engineered cementitious composites (ECC) exposed to sulphate and chloride
environments, assessing the recovery of stiffness, first-crack strength, uniaxial tensile strength, and
durability. Their results indicated that the first-crack strength and ultimate tensile strength values
were higher for the cracked specimens healed in a sulphate solution compared to those healed in a
sulphate and chloride solution or in pure water after 200 days, attributed to improved fiber-matrix
interface bond strength facilitated by ettringite and gypsum rather than continuous hydration.
Similarly, Niu et al. (2023) also investigated the self-healing performance of fiber-reinforced ECC
subjected to Na;SO4 and NaCl, Na;SOs, and water environments, and concluded that self-healing
performance was most robust in NaxSO4 environments with the results of the coupling effect of
carbonization, secondary hydration, and erosion product fillings after 28 days.

Despite the contributions of previous studies to understanding the self-healing ability and
performance of conventional cementitious materials, the understanding of the self-healing ability
of CPB is limited. Xiang et al. (2023a) utilized waste porous ceramic (WPC) as a bacterial carrier
to embed Sporosarcina pasteurii, achieving self-healing in backfill paste. The results demonstrated
that the embedded biosolution could be released from WPC upon crack formation, with initial crack
widths of less than 1 mm achieving a 100% self-healing ratio in crack closure after 28 days.
Additionally, Xiang et al. (2023b) proposed a bacterial mixture of Sporosarcina pasteurii and
Pseudomonads denitrificans pre-embedded in polypropylene-fiber reinforced backfill to enhance
the self-healing capacity without the need for additional carriers. These self-healing methods are
classified as autonomous healing since the healing does not originate from the matrix itself but
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from externally added healing agents (Van Breugel, 2007). Up to this point, no studies have
addressed the impact of sulphate on the self-healing (autogenous healing) capacity and behaviour
of CPB. Furthermore, findings from studies on the self-healing ability of conventional cementitious
materials (e.g., mortars, concrete) cannot be directly applied to CPB due to significant differences
in materials and composition. In addition, the sulphate levels within CPB systems can be
significantly higher than those typically encountered in conventional concretes or mortars
subjected to sulphate attacks. CPB systems may exhibit initial sulphate content ranging from low
(<5000 ppm) to very high (25000 ppm). Therefore, this study aims to experimentally investigate
the effect of different concentrations of internal sulphate on the self-healing capacity of CPB
materials with different self-healing periods.

5.2.2 Materials and Experimental Program

5.2.2.1 Materials

Tailings

Silica tailings (ST), primarily composed of 99.8 wt.% quartz (SiOz), which is notably abundant in
the hard rock mines of Canada, served as the core material in this study. The choice of ST was
driven by the need for precise control over the chemical and mineralogical characteristics of the
tailings, with the aim of minimizing uncertainties when investigating the isolated impact of mixed
components of CPB on its self-healing capacity. This approach diverges from using natural tailings,
which may contain uncontrollable chemical constituents (such as sulfides) and minerals capable of
interacting with cement, thereby potentially influencing the experimental results. A thorough
analysis of ST reveals a grain size distribution comparable to the average of nine natural tailings
(NT) samples from Canadian mines, as depicted in Figure 5-1. Notably, approximately 43% of the
particles in ST have sizes finer than 20 um, categorizing them as medium tailings (a category
encompassing 35% to 60% of particles smaller than 20 pm), which adhere to the established
guideline that CPB should contain at least 15% by mass of such particles. Furthermore, detailed
insights into the physical attributes and chemical compositions of ST are presented in Table 5-1
and Table 5-2.

Binder
Portland cement type I (PCI) was used as the binder to prepare CPB specimens with a weight
portion of 4.5% in this study. Table 5-3 gives the physical and chemical properties of the PCI.

Mixing water

Tap water was utilized to mix with the tailings and binder. Ferrous sulphate emerges as the
predominant sulphate variety detected in cemented backfills. Specific quantities of sulphate salt
(FeSO4+7H20) with a molecular weight of 278.01 were dissolved into a distinct volume of tap
water, leading to the blending water containing a predefined concentration of sulphate, 0 ppm, 5000
ppm, 15000 ppm, and 25000 ppm.
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Figure 5-1. Grain size distribution of the used ST and average grain size distribution of tailings
from nine Canadian mines.

Table 5-1. Physical properties of the used ST and the average of nine NT in Canada.

Dio Dso Dso Deo

Element Gs Cu Ce
(um)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

Nine NT average - 1.8 9.1 20.0 30.8 17.1 1.7

(Gs: specific gravity; Cy: coefficient of uniformity; Ce: coefficient of curvature)

Table 5-2. Chemical compositions of the used tailings ST.

Si0» FeoO3  AlLOs TiO2 CaO MgO NaxO K>O

Tailings (wt. %)

ST 99.8 0.035 0.05 0.02 0.01 <0.01 <0.01 0.02

Table 5-3. Characteristic of the used binder PCI.

MgO CaO Si02 ALOs;  Fex03 Si0; SSA

(Wt %) gy

Binder type

PCI 2.65 68.82 18.03 4.53 2.70 3.82 1.30 3.10

R.D.: relative density; SSA: specific surface area.
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5.2.2.2 Specimen preparation and initial curing

The designated amounts of tailings, PCI, and blended water with different sulphate concentrations,
including 0, 5000, 15000, and 25000 ppm (i.e., SUO, SUS5, SU15, and SU25, respectively), were
precisely weighed and mixed for 7 minutes in a mixer, achieving a homogenous paste. In this study,
a fixed mix proportion of 4.5% binder (PCI) was employed, maintaining a constant water-to-
cement ratio (w/c) of 7.35 by weight. To ascertain the workability of the prepared CPB material,
the consistency of the mixture was determined through slump tests, adhering to ASTM
C143/C143M-20 (ASTM, 2020). The measured slump value, which settled at 18 cm, aligns with
the frequently employed benchmark in CPB preparation. Then, the CPB mixtures were poured into
cylindrical curing moulds sized at ®50x100 mm and manual vibration was applied to expel
entrapped air within the moulded mixture. The specimens were cap-sealed to prevent water
evaporation and subsequently subjected to ambient curing conditions, undergoing an initial curing
(IC) period of 7 days prior to pre-cracking (as outlined in Table 5-4). A total of 192 CPB specimens
were prepared to investigate the impact of internal sulfate on the self-healing capacity of the CPB
material.

5.2.2.3 Initial crack introduction

To evaluate the self-healing capacity of CPB material under the influence of internal sulphate
exposure, varying levels of pre-cracking were induced through uniaxial compression. Following
the initial curing phase, the initial uniaxial compressive strengths (UCS) were determined
according to the guidelines specified in ASTM C39/C39M-21 (ASTM, 2021). Subsequently, the
remaining specimens were subjected to specific pre-cracking levels of 0%, 75%, or 90% (i.e.,
control, PC75%, or PC90%, respectively) during the pre-peak phase of their respective initial UCS
values following the procedure illustrated in Figure 5-2, introducing differing levels of crack
damage within the specimens. A previous study (Fall et al., 2009) has demonstrated that the
initiated cracks on the pre-cracked specimens become visible until the pre-cracking level reaches
75% or above as the mechanical load increases to levels close to the peak region (i.e., PC-75% and
PC-90%), the curve begins to exhibit the first non-linear behaviour and cracks can be observed in
the CPB specimens. Upon reaching the designated predetermined load thresholds, the applied load
was sustained for one minute before being released, marking the conclusion of the pre-cracking
process. Then, the pre-cracked specimens were removed to prepare for the self-healing process.
The experiments were conducted under displacement control utilizing a computer-controlled
mechanical press (MTS 10/GL) with a normal load of 50 kN and a displacement rate of 1 mm/min.
Axial deformation was automatically recorded through an internal linear variable differential
transformer (LVDT) connected to an electronic data acquisition system.

5.2.2.4 Healing condition

Once initial cracks were generated, the pre-cracked specimens were carefully enveloped using
transparent plastic films. These encapsulated pre-cracked specimens, along with undamaged
control specimens, were subsequently consigned to an ambient environment (23°C) for a self-
healing curing phase. The self-healing environment, devoid of external influences, aimed to
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facilitate an examination of the CPB material’s self-healing capabilities amidst internal sulphate
exposure. In this study, the pre-cracking day is named Day 0, representing the self-healing start day,
followed by Day 7, Day 28, and Day 90, representing the early self-healing periods of 7 and 28
days, and the advanced self-healing period of 90 days, respectively. Note that the self-healing
periods of Day 0, 7, 28, and 90 correspond to the CPB paste age of 7, 14, 35, and 97 days,
respectively.

Table 5-4. Summary of experimental program for each testing batch of CPB specimens.

Batch PCI content w/c  Sulphate content Initial curing Pre-crack level Self-healing period
(%) ratio (ppm) (day) (%) (day)
7
SU0 4.50 735 0 7 0, 75%, and 90% of 78
' ' ucs %0
7
0, 0 f
SUS 450 735 5,000 7 0,75% and 90% o 28
UCsS 90
7
0, 759 d 90% of
SU15 450 735 15,000 7 » 75%, and 90% o 28
UCsS 90
7
0, 759 0% of
SU25 4.50 7.35 25,000 7 » 75%, and 90% o )8

UCS 90

5.2.2.5 Methods for evaluation of self-healing behaviour

Crack characteristics

The self-healing behaviour of crack closure was meticulously monitored and observed employing
a digital microscope with a 200x magnification before and after specific predetermined self-healing
periods of 0, 7, 28, and 90 days. The digital microscope acquired images of crack alterations at
different magnifications, which provided a direct approach to assessing the self-healing behaviour
in pre-cracked CPB specimens. The numbers of cracks were counted, and crack widths were
analyzed based on at least 15 locations spanning from the narrowest to the widest points of each
measured crack. This technique facilitated the quantification of changes in crack width, offering
insights into surface crack closure while reinforcing the results of other tests.

Hydraulic property investigation

Given that cracks and sulphate attacks directly impact the durability of CPB, it is essential to
quantitatively assess its self-healing capabilities. The self-healing capacity can be evaluated by
examining changes in the permeability of pre-cracked specimens that have undergone self-healing.
To achieve this, saturated hydraulic conductivity tests were conducted on the CPBs before and after
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pre-cracking and healing. These tests used a triaxial cell with a flexible wall technique according
to ASTM 5084-16a (ASTM, 2016) to determine their coefficients of permeability or hydraulic
conductivity (k). The tests maintained a consistent hydraulic head by applying a constant hydraulic
gradient (10 psi or 69 kPa) between the inflow and outflow points for measurement. Full saturation
was achieved by applying backpressure until a constant flow rate was maintained through the
specimen. Each test was performed twice to ensure the reproducibility of the result. The hydraulic
conductivity, k, was calculated as follows:

_ AQ-L
k_A~Ah~At (5-1)

where k represents the hydraulic conductivity, cm/s; AQ denotes the quantity of flow during a
certain time interval A¢, calculated as the average of inflow and outflow, cm?; L signifies the length
of the specimen, cm; A4 represents the cross-sectional area of the specimen, cm?; At is the time
interval, s; and Ak corresponds to the average head loss of across the specimen, cm of water.

The hydraulic conductivity recovery ratio (HCRR) is determined by the following formula:

HCRR (%) = 2.2 x100% (5-2)
0
where ky is the initial hydraulic conductivity, cm/s, measured after pre-damaging; 4 is the hydraulic

conductivity, cm/s, measured after specified self-healing period.

Mechanical property investigation

Mechanical strength is an essential feature of CPB materials, ensuring the stability of underground
mine cavities and providing valuable insights into the structural integrity of the CPB matrix. To
assess the mechanical strength recovery in CPB, UCS tests were conducted on both control and
pre-cracked CPB specimens, following ASTM C39/C39M-21 (ASTM, 2021). These tests were
performed at 0, 7, 28, and 90 days of self-healing periods, on both healed pre-cracked specimens
and undamaged control specimens. The test was carried out using a computer data acquisition
system with a constant deformation rate of 1 mm/min, and each test was replicated three times to
verify the reproducibility of the results.

The relative changes in compressive strength (CCS) of the pre-cracked and healed specimens
compared to control specimens are calculated as follows:

CCS (%): Spre—cracked/healed - Scontrol (5_3)

Scontrol

where Spre-crackedmeatea 1 the UCS of the pre-cracked specimens before or after a self-healing period,
and Sconrror 1s the UCS of undamaged control specimens with self-healing condition and period.
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Microstructural and chemical analysis

The physical properties of CPB material, including void ratio and porosity, significantly affect its
mechanical behaviour. These properties were monitored during the self-healing periods at 0, 7, 28,
and 90 days in both control and pre-cracked specimens. The observed changes in void ratio and
porosity provide crucial supplementary evidence for assessing the internal sulphate influence on
self-healing behaviour. In addition to the quantitative assessment of self-healing efficiency, it is
vital to characterize the chemical compositions and morphology of the self-healing products to
understand the self-healing mechanism better. Microstructural analysis techniques employed
included X-ray diffraction (XRD), scanning electron microscopy-energy dispersive spectroscopy
(SEM-EDS), and thermal analysis (TG/DTG). The XRD and SEM-EDS analysis allowed us to
examine the compositions of CPB self-healing products when exposed to internal sulphate
concentrations. Furthermore, the thermal analysis provided insights into binder hydrations under
sulphate attack. The XRD analysis was conducted by a Bruker D8 Endeavor equipped with a 1 kW
sealed tube Cu Kalpha source (40 kV and 25 mA) and a Lynxeye XE-T 1-D silicon strip detector.
SEM-EDS analysis was performed using an environmentally versatile JEOL 6610LV SEM in low
voltage mode, featuring an attached Oxford INCA large area SDD detector. Additionally, TG/DTG
analysis was carried out using a Setaram Setsys 24 thermogravimetric analyzer, applying a heating
ramp of 10°C/minute, commencing from room temperature and reaching up to 1000°C in a nitrogen
atmosphere.

5.2.3 Results and Discussion

5.2.3.1 Crack closure observation

During the pre-cracking process, the numbers and widths of generated cracks varied among the
CPB specimens with different sulphate concentrations. Specifically, it is observed that the CPB
specimens with sulphate concentrations of 25000 and 15000 ppm display a higher number of cracks
but with smaller widths compared to specimens with 5000 and 0 ppm sulphate concentrations at
the pre-peak phase. This behaviour can be attributed to the enhanced stiffness of CPB specimens,
as sulphate concentration increases, leading to a noticeable increase in the slope of the linear
portion of stress-strain curves, as illustrated in Figure 5-3. As demonstrated by Fall et al. (2007),
microcracks start to be increasingly visible in CPB specimens until the level of mechanical load
reaches the first non-linear behaviour. With increasing sulphate concentration, the linear portion
of the stress-strain curve accounts for up to 85% of the ascending branch, resulting in a limited first
non-linear region before peak stress for microcrack initiation and propagation. Furthermore, the
specimens with enhanced stiffness are more resistant to the crack growth, thereby leading to smaller
widths of microcracks in the pre-cracked CPB specimens with higher sulphate concentrations.

Figure 5-4 and Figure 5-5 show the representative observations of crack closure in CPB specimens
with different initial sulphate concentrations (5000, 15000, and 25000 ppm) after different self-
healing periods (7, 28, 90 days). Direct captures from a digital microscope reveal three distinct
healing performances among the examined microcracks: complete healing, partial healing, and no
healing. It is noticed that abundant self-healing products are produced in the microcracks or along
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the crack paths in the complete and partial healing microcracks after the healing periods.
Considering the no healing scenario in large cracks (approximately >289.6 pum), it indicates that
there is a limitation in the autogenous healing capability of the CPB material under the exposure
to sulphate concentrations. Due to the unevenness of crack width, the maximum crack widths of
completely healed microcracks (listed in Table 5-5) under the varying conditions of sulphate
concentrations and self-healing periods were measured and compared to those of the sulphate-free
CPB specimens as a direct assessment and representation of self-healing capability impacted by
the internal sulphate exposure. Table 5-5 demonstrates that CPB specimens containing sulphate
exhibit generally better crack closure ability, particularly within the self-healing period of 28 days
(excluding the instance of 25000 ppm at Day 7). For example, at the Day 7 self-healing period,
crack widths of up to 67.8 um and 62.0 pm are completely healed in pre-cracked specimens with
sulphate concentrations of 5000 and 15000 ppm, respectively, representing approximately 47% and
34% improvements compared to sulphate-free specimens. Moreover, at the Day 28 self-healing
period, pre-cracked specimens with sulphate concentrations of 5000, 15000, and 25000 ppm
demonstrate complete healing of crack widths reaching approximately 81.5 um, 95.2 um, and 91.1
um, respectively. The presence of sulphate ions, as previously demonstrated by Fall & Pokharel
(2010), contributes to the decreased CPB internal porosity due to the precipitation of secondary
hydrated minerals (i.e., gypsum and ettringite) within the capillary pores and voids, resulting from
sulphate ions reacting with calcium hydroxide (CH) and tricalcium aluminate (C3A). The produced
hydration products thereby contribute to the crack closure with the progress of self-healing.
However, during the early self-healing stage (Day 7), pre-cracked specimens with a sulphate
concentration of 25000 ppm exhibit inferior crack closure performance, attributed to the inhibitory
effect of high or excessive sulphate content on binder hydration (Li & Fall, 2018). Furthermore, at
the advanced period of self-healing (Day 90), pre-cracked CPB specimens with higher sulphate
concentrations, such as 15000 and 25000 ppm, experience compromised crack closure due to
sulphate attack induced deterioration, which will be further discussed in subsequent sections.

DO D7 D28 D90
3500 3500 3500 3500
—0 ppm —0ppm —0ppm —0 ppm
—5000 ppm —5000 ppm —5000 ppm —5000 ppm
2800 4 15000 ppm || 800 - 15000 ppm|| 5g00 15000 ppm|| 5540 | 15000 ppm
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Figure 5-3. Stress-strain characteristics of control CPB specimens with different sulphate
concentrations after self-healing period of (a) Day 0, (b) Day 7, (c) Day 28, and (d) Day 90.
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5.2.3.2 Nature of the self-healing products with the presence of sulphate

Figure 5-4 and Figure 5-5 exhibit that the microcracks are filled with abundant crystal-like
microparticles inside or along the crack path to achieve the crack closure. Previous studies
elucidated that sulphate ions interact with cement compounds and hydration products within the
CPB matrix (i.e., CH, C3A, and C-S-H gels), resulting in the formation of secondary hydration
products such as ettringite and gypsum (Liu et al., 2019; Xiapeng et al., 2019; Fall & Pokharel,
2010). Therefore, to detail the components of self-healing products in sulphate-containing CPB
specimens, XRD, SEM-EDS, and TG/DTG analyses were employed to examine the elemental
composition and microstructure.

Figure 5-6 presents the XRD patterns of self-healing products obtained from sulphate-containing
and sulphate-free CPB specimens. The spectra are dominated by quartz peaks due to the presence
of'silica tailings. Previous work (Quan & Fall, 2024) has demonstrated that the primary components
of self-healing products in sulphate-free CPB mixtures are a combination of C-S-H, Ca(OH)., and
CaCO:s (refer to Figure 5-6b). However, in the self-healing products from the sulphate-containing
CPB specimens, the detection of ettringite and gypsum in the two-theta degrees range of 5°-15°
and 30°-35° (refer to Figure 5-6a) highlights the main difference.

In addition, the self-healing products formed inside the microcracks were characterized using
SEM-EDS analysis, as illustrated in Figure 5-7. The energy spectrum of the examined area can be
obtained to confirm the different types of self-healing products. In all EDS diagrams from different
locations, Si shows the highest peaks due to the silica tailings used in the study, and its effect cannot
be eliminated during the analysis. The EDS results clearly show the traces of Ca, O, C, Si, and Al
peaks, which confirm the presence of the CaCOs, C-S-H, and Ca(OH); in self-healing products. In
addition, the trace of S is also observed, confirming the formation of ettringite and gypsum with
the Ca:S ratios of 2.02 and 1.34, respectively. Moreover, the micrographs further confirm the
presence of ettringite and gypsum in conjunction with C-S-H, Ca(OH),, and CaCOs as the primary
self-healing products in the sulphate-containing CPB specimen to contribute to the crack closure.

Furthermore, Figure 5-8 and Figure 5-9 show the results of thermal analysis (TG/DTG) performed
on the CPB specimens with sulphate concentrations of 25000, 5000, and 0 ppm after self-healing
periods of 7 and 90 days. Three main thermal decomposition stages can be obviously identified
from these figures (Li & Fall, 2016): (a) the dehydration of water molecules in hydrates such as C-
S-H, ettringite, gypsum, and carboaluminates at the temperature range of 50-200°C; (b)
dehydroxylation of CH at the temperature range of 400-450°C; and (c) decarbonation of calcium
carbonate (CaCOs3) at the temperature range of 600-750°C. The thermal analysis results reveal the
different degrees of cement hydration and secondary hydration in the sulphate-containing and
sulphate-free specimens. It can be observed from Figure 5-8 that the pre-cracked specimens with
sulphate concentrations exhibit overall higher weight losses than the sulphate-free specimens at the
same pre-cracking level and after the same self-healing period. Notably, the weight loss at the
temperature range of 50-200°C is more pronounced than in other ranges, suggesting that a higher
amount of ettringite and gypsum is produced via the reactions between sulphate ions and C3A and
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CH. Moreover, in the early self-healing period (Day 7), as shown in Figure 5-8a, the CPB
specimens with the sulphate concentration of 25000 ppm exhibit a lower weight loss than
specimens with the lower sulphate concentration of 5000 ppm at 400-450°C, which means less CH
is produced due to the inhibition effect from the high content of sulphate. Conversely, the absence
of an inhibition effect in 5000 ppm sulphate concentration favours more rigorous cement hydration,
leading to the formation of hydration products CH and CaCOs. As the self-healing progresses to
the advanced age (Day 90), as shown in Figure 5-8b, the three main weight losses are pronounced
in the specimens with higher sulphate concentration of 25000 ppm, indicating the abundant
existence and combination of ettringite, gypsum, C-S-H, Ca(OH), and CaCOs3 within the CPB
matrix. In addition, it can be noticed from Figure 5-9 that the amounts of the produced hydration
products significantly vary in the specimens with different sulphate concentrations. Specifically,
Figure 5-9a presents comparatively higher weight losses at the temperature ranges of 50-200°C
and 600-750°C in the specimens with sulphate concentration of 5000 ppm after the self-healing
period of Day 90. This observation suggests that, besides the secondary hydration products
ettringite and gypsum, the abundant presence of CaCOsj also contributes to the self-healing
performance within the CPB specimens with the sulphate concentration of 5000 ppm. In contrast,
ettringite and gypsum apparently dominate the self-healing performance in CPB specimens with
the sulphate concentration of 25000 ppm, as observed in Figure 5-9b. Likewise, the XRD results
in Figure 5-6a detect comparatively higher intensities of ettringite than gypsum, indicating a larger
presence of ettringite in the self-healing products.

Table 5-5. Maximum healed crack width after certain self-healing periods with the existence of
sulphate.

Batch nomenclature Self-healing period Maximum completely healed crack width
(day) (pm)
7 46.1
SUo 28 56.1
90 67.9
7 67.8
SUS 28 81.5
90 91.0
7 62.0
SUI15 28 95.2
90 62.8
7 42.0
SU25 28 91.1
90 68.4
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Figure 5-4. Observation of complete healing cracks in CPB specimen with sulphate concentration
and self-healing period of (a) 5000 ppm, Day 7; (b) 15000 ppm, Day 7; (c) 25000 ppm, Day 28;
and (d) 25000 ppm, Day 90.
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Figure 5-5. Observation of partial healing cracks in CPB specimen with sulphate concentration

and self-healing period of (a) 5000 ppm, Day 7; (b) 15000 ppm, Day 28; and (c) 25000 ppm, Day
90.
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Figure 5-8. TG/DTG comparison of PC90% pre-cracked specimens with the sulphate

concentration of 0, 5000, and 25000 ppm at the self-healing period of (a) 7 days and (b) 90 days.
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Figure 5-9. TG/DTG comparison of PC90% pre-cracked specimens with the sulphate
concentration of (a) 5000 and (b) 25000 ppm after the self-healing period of 7 and 90 days.

5.2.3.3 Mechanical strength recovery

The results regarding the influence of initial sulphate content on the self-healing capacity of CPB
to regain its mechanical strength are depicted in Figure 5-10. In this figure, it displays the evolution
of UCS and CCS (Eq. 5-3) of pre-cracked specimens with varying initial sulphate concentrations
((a) 0 ppm, (b) 5000 ppm, (c) 15000 ppm, and (d) 25000 ppm) over a self-healing period of up to
90 days, underscoring the significant influence of initial sulphate content on both the evolution of

strength in pre-cracked CPBs and the subsequent recovery of mechanical strength. Notably, the

impact of initial sulphate content on mechanical strength behaviour and recovery varies depending

on the age of the self-healing periods. Distinct differences emerge between early self-healing
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periods (28 days or less) and advanced self-healing periods (90 days). Consequently, the following
sections will focus on discussing the results of early and advanced self-healing periods.
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Figure 5-10. Evolution of the UCS and CCS of the studied pre-cracked specimens with different
initial sulphate concentrations ((a) 0 ppm, (b) 5000 ppm, (c) 15000 ppm, and (d) 25000 ppm)
over self-healing period (D0, D7, D28, and D90: 0, 7, 28 and 90 days of self-healing period,

respectively).

Effect of sulphate concentration at early self-healing period

It is observed from Figure 5-10 (b, c¢) that the control CPB specimens with sulphate concentrations
of 15000 and 5000 ppm exhibit higher UCS values in comparison to those without sulphate after
the initial curing period. Specifically, they achieve approximately 36% and 21% higher UCS values
than the sulphate-free control specimens, respectively. The increase in UCS values can be attributed
to the beneficial role of sulphate ions in refining the pore structure of the CPB matrix. When
sulphate ions are present within optimal levels, they contribute to the reduction of internal porosity
in CPB, thereby enhancing its strength. The secondary hydrated products (i.e., ettringite and
gypsum) formed by the reaction of sulphate ions with CH and CsA fill the empty pores and voids
within the CPB matrix (Orejarena & Fall, 2011; Fall & Pokharel, 2010). This argument is supported
by the results of porosity (Figure 5-11) and saturated hydraulic conductivity (Figure 5-12) tests
performed on control CPBs with various sulphate concentrations. The figures show that the control
CPB specimens with sulphate concentrations of 15000 and 5000 ppm have comparatively lower

120



porosities and permeabilities compared to the control sulphate-free samples due to the refinement
of their pore structures. This is in agreement with the SEM observations made in previous studies
on the effect of sulphate on CPB that indicate the secondary hydration products precipitate in the
pores within the CPB matrix, leading to a decrease in porosity (Pokharel & Fall, 2013). However,
the control CPB specimens with 25000 ppm of sulphate show lower strength than the sulphate-free
control ones after the initial curing period (Figure 5-10d). This lower strength development is
attributed to the inhibition effect of excessively high sulphate concentration on binder hydration.
This performance aligns with the previous findings by Xiapeng et al. (2019), which demonstrated
that an excessively high sulphate concentration strongly inhibits the early hydration of C3A. It is
also supported by the thermal analysis results conducted on the CPB specimens with 25000 ppm
of sulphate concentration at the early self-healing period of Day 7 in Figure 5-9b. The negligible
weight losses of CH and CaCO3; decomposition suggest the occurrence of lower binder hydration
under the high sulphate concentration.

Furthermore, Figure 5-10 also illustrates the strength recovery and CCS of pre-cracked CPB
specimens exposed to various internal sulphate concentrations as the self-healing period progresses,
it is generally observed that, irrespective of the pre-cracking level, the presence of sulphate ions
benefits the self-healing behaviour during the early self-healing period up to Day 28. The strength
development of pre-cracked sulphate-free CPB specimens is also shown in Figure 5-10a for
reference. Initially, at Day O of self-healing (D0), CPB specimens exhibit lower strength than
control specimens after the pre-cracking process. For instance, pre-cracking at PC75% results in
an 8.0% reduction in strength, while specimens pre-cracked at PC90% show an 11.3% decline in
strength. This decrease in strength observed in pre-cracked CPB specimens correlates with the
extent of pre-cracking, where a higher pre-cracking level leads to more pronounced crack
generation and propagation within the CPB matrix. These cracks disrupt the integrity of the CPB
matrix, thereby contributing to the initial reduction in strength. As the self-healing progresses, it is
noticed that the sulphate-free pre-cracked specimens can recover to a similar UCS value as the
control specimens or even achieve a higher UCS value than the control ones for the PC90% pre-
cracked specimens after the self-healing period of 7 days (D7). The vigorous self-healing behaviour
in the sulphate-free specimens during the early stage is mainly attributed to the continuous
hydration of unhydrated cement particles within the CPB matrix. The continuous formation of
hydration products refines the pore structure and decreases the porosity of the CPB matrix, thereby
filling the cracks and capillary voids to contribute to the strength recovery. However, the self-
healing performance of the pre-cracked specimens with sulphate concentrations (Figure 5-10b, c,
d) is more robust from the self-healing period of 7 days (D7) to 28 days (D28). In Figure 5-10c, it
is evident that the PC90% pre-cracked specimens with a sulphate concentration of 15000 ppm show
the most significant strength development from D7 to D28, with CCS increasing from -4.5% to
18.3%. Similarly, pre-cracked specimens with sulphate concentrations of 25000 ppm (Figure 5-10d)
and 5000 ppm (Figure 5-10b) also exhibit notable strength recoveries during the same period, with
CCS increasing from -7.5% to 13.5% and from -6.5% to 13.6%, respectively. The increased CCS
values imply that the self-healing behaviour observed in the sulphate-free specimens is also
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achieved in the CPB specimens exposed to internal sulphate concentrations, although the self-
healing period is slightly delayed. Contrary to previous studies (Yan et al., 2020; Li & Fall, 2016;
Pokharel & Fall, 2013; Fall & Pokharel, 2010) that have reported a negative effect of sulphate on
other properties of CPB (self-desiccation, strength of undamaged CPB), the presence of sulphate
ions here favours the self-healing behaviour within the CPB matrix during the early self-healing
period up to Day 28. This performance can be explained by the fact that the precipitation of an
adequate amount of secondary hydration products (i.e., ettringite and gypsum) during this period
plays a beneficial role in pore filling and microcrack closure in the CPB matrix, thereby positively
contributing to the strength of the specimens.

Although the process of crack initiation initially destroys the integrity of the CPB structure,
undermining its mechanical strength, the generated cracks can contribute to the progress of self-
healing performance. Previous work (Quan & Fall, 2024) has stated that the initiated cracks can
provide the pathways for the flow of Oz, CO2, and H>O within the CPB matrix, which are essential
elements to accelerate the cement hydration and Ca(OH), carbonation, thus facilitating the
formation of healing products and filling into the cracks to complete the crack closure. Moreover,
these generated cracks can provide enough available space to accommodate the precipitation of
secondary hydration products, as represented in Figure 5-13. This argument agrees well with the
SEM observation in Figure 5-7, where self-healing products are present inside the crack gap,
contributing to the crack closure. For example, a 70% larger crack width can be completely healed
in the pre-cracked specimen with sulphate concentration of 15000 ppm than in sulphate-free
specimens (as listed in Table 5-5). This is because a higher amount of secondary hydration products
1s produced in the pre-cracked specimens with higher sulphate concentrations to fill the cracks,
which in turn refines the pore network and blocks the interconnected pores favouring the strength
recovery.

Effect of sulphate concentration at advanced self-healing period

As self-healing continues to the advanced period (Day 90), the sulphate-free pre-cracked CPB
specimens exhibit a more pronounced CCS value of up to 23%, as illustrated in Figure 5-10a. The
continuous self-healing behaviour can be explained by the aforementioned delayed hydration of
unhydrated cement particles and carbonation of Ca(OH)> within the sulphate-free CPB matrix. The
formed hydration products contribute to the continuous refinement of the pore structures,
ultimately leading to the regain and development of mechanical strength. This assertion is
experimentally supported by the results presented in Figure 5-11a, which demonstrate that the
porosity and void ratio of pre-cracked sulphate-free CPB specimens decreases throughout the
studied self-healing period. This reduction occurs due to the increased production of hydration
products, which fill the cracks and capillary pores.

Similarly, in Figure 5-10b, it is observed that following a self-healing duration of 90 days, the CPB
specimens with sulphate concentration of 5000 ppm continue to exhibit positive self-healing
characteristics, as evidenced by a continued increase in strength from Day 28 to Day 90. However,
it is noteworthy that the rate of strength increase from Day 28 to Day 90 is slower compared to the
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early self-healing period (< 28 days). For instance, at Day 90, the PC90% pre-cracked specimens
demonstrate a CCS value of 3.3%, whereas this value was 13.6% at Day 28. The positive strength
recovery observed in the 5000 ppm samples at Day 90 of the self-healing period can be attributed
to the lower sulphate concentration compared to the 15000 and 25000 ppm specimens. This lower
concentration results in minimal inhibition or no inhibition of cement hydration, allowing for more
complete hydration of the cement. Consequently, a greater amount of hydration products precipitate,
facilitating the filling of capillary pores and closure of cracks, thereby leading to a further increase
in strength. This aligns with the XRD analysis results of the 5000 and 25000 ppm cemented paste
samples, depicted in Figure 5-14 a and b, respectively. Notably, Figure 5-14a reveals the absence
of dicalcium silicate (C2S) and tricalcium silicate (CsS), indicating almost complete cement
hydration in the 5000 ppm CPB. Conversely, Figure 5-14b confirms the presence of clinker phases
C3S and C3S in the 25000 ppm CPB specimen, indicating inhibition of cement hydration in highly
sulphated samples. The thermal analysis results in Figure 5-8a also support this argument. In this
figure, higher weight losses can be observed at the temperature ranges of 400-450 °C and 600-
750 °C, which reveal that more CH and CaCOs3 are formed in the CPB specimens with sulphate
concentration of 5000 ppm, indicating the occurrence of a higher degree of binder reaction. CPB
specimens usually have comparatively high porosity and large capillary pores after a short curing
period (i.e., initial curing period of 7 days in this study) (Fall & Samb, 2008). Thus, the presence
of sulphate ions combined with the complete binder hydration contributes to the crack closure of
microcracks and refinement of the pore structures, resulting in the notable self-healing behaviour
of the specimens with 5000 ppm of sulphate concentration at the early self-healing period.
Subsequently, more expansive minerals are produced through the secondary hydration reactions at
the advanced self-healing period, as illustrated by the thermal analysis in Figure 5-9a. The produced
adequate amount of expansive minerals continues to be accommodated within the available cracks
and voids, which further facilitates the crack closure and refinement of pore structures. This
argument is also supported by the results of previous studies on sulphate effects on the pore
structure of CPB (Pokharel & Fall, 2013; Pokharel & Fall, 2011).

However, Figure 5-10 (c, d) indicates that after a self-healing period of 90 days, CPB specimens
with higher sulphate concentrations (specifically, 15000 and 25000 ppm) exhibit opposing
performance in strength development at the advanced self-healing period (Day 90). Notably, they
demonstrate negative values of CCS, indicating that the strengths of pre-cracked specimens with
15000 and 25000 ppm sulphate concentrations are lower than those of their control specimens at
the advanced self-healing period of Day 90. The diminished mechanical strength recovery observed
in the 15000 and 25000 ppm specimens can be attributed to the cumulative effects of several factors.
Firstly, the elevated concentrations of sulphate ions in these specimens, compared to the 5000 ppm
specimens, may have facilitated the formation of excessive quantities of expansive minerals such
as ettringite and gypsum within the microcracks and capillary pores. This formation occurs through
the reaction of sulphate ions with C3A and CH, respectively. The accumulation of excessive
amounts of ettringite and gypsum could have exerted substantial expansive pressure on the walls
of preexisting microcracks and capillary pores. Consequently, this pressure might have caused
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physical damage to the cemented matrix of the highly sulphated specimens, leading to the
generation of new cracks (as represented in Figure 5-13b). Additionally, it may have contributed to
the coarsening of the pore structure in the highly sulphated samples compared to the 5000 ppm
samples. This pore structure alteration is evidently associated with a decrease in their strength. The
results of the thermal analysis performed on the PC90% pre-cracked specimens with sulphate
concentrations of 25000, 5000, and 0 ppm after self-healing period of D90, are presented in Figure
5-8b to support this explanation. It can be seen that more expansive minerals are produced in
sulphate-containing specimens than in sulphate-free specimens, and that the amount of expansive
minerals formed increases as the sulphate concentration increases. In addition, the volumes of the
formed ettringite and gypsum are approximately 2.5 times and 1.24 times that of the original
reactant, respectively (Liu et al., 2019). The above-mentioned generation of new microcracks and
the coarsening of the pore structure of the highly sulphated specimens due to the presence of an
excessive amount of expansive minerals are in substantial agreement with the porosity and
permeability test results shown in Figure 5-11 and Figure 5-12, respectively. These figures show
that after 90 days of self-healing, the porosity and hydraulic conductivity values of the highly
sulphated specimens (15000, 25000 ppm) are higher than those of the specimens with 5000 ppm
and no sulphate concentration.
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Figure 5-11. Changes of porosity and void ratio of specimens with varying sulphate
concentrations (a) 0 ppm, (b) 5000 ppm, (c) 15000 ppm, and (d) 25000 ppm over the self-healing
period.
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Secondly, sulphate absorption by C-S-H should be considered as an additional factor inducing the
diminished self-healing performance of the highly sulphated specimens. As the strength of Portland
cementitious materials is dominated by the binding ability of C-S-H, a weaker C-S-H gel would
lead to weak strength. A weaker C-S-H gel is usually produced due to the sulphate absorption by
C-S-H. The undermined binding ability of C-S-H to other hydration products leads to the slow
increase or cessation of strength development (Fall & Pokharel, 2010). This argument can be
supported by thermal analysis in Figure 5-8b. In this figure, a significant amount of expansive
minerals and CH can be detected in the specimens with 25000 ppm sulphate concentration after
the self-healing period of D90. Besides, only a small intensity of gypsum is detected in the self-
healing products, as illustrated by XRD analysis in Figure 5-6a. Therefore, the presence of a large
amount of CH and a rare amount of gypsum suggests that the sulphate ions remaining in the CPB
system are insufficient for the reaction with CH to produce gypsum due to sulphate absorption by
C-S-H. The sulphate absorption leads to the formation of additional lower quality C-S-H, thereby
contributing to the reduction of CPB strength and deterioration of self-healing performance. This
finding is also in agreement with the conclusion of previous studies (Neto et al., 2021; Fall &
Pokharel, 2010; Jeleni¢ et al., 1977).

Finally, another contributing factor to the diminished strength recovery performance of the highly
sulphated specimens is the presence of elevated sulphate concentrations. This presence reduces the
quantity of hydration products precipitated within the pores and cracks of the specimens compared
to those with lower (5000 ppm) or no sulphate content. This reduction occurs due to the inhibition
of cement hydration at high sulphate concentrations. Consequently, the lower amount of hydration
products correlates directly with a reduced ability for self-healing. This inhibitory effect is
substantiated by the XRD results outlined in Figure 5-14, as discussed earlier.

5.2.3.4 Pore structure and permeability changes during self-healing of CPB with different sulphate
concentrations

Key factors influencing the environmental performance and durability of CPBs include the
permeability (hydraulic conductivity) and pore structure, including parameters such as porosity and
void ratio. Figure 5-11 and Figure 5-12 show the variations in porosity, void ratio, and saturated
hydraulic conductivity (ksa) of the pre-cracked CPB specimens across different sulphate
concentrations (0, 5000, 15000, and 25000 ppm) over the self-healing period. In Figure 5-11, it is
observed that the porosity and void ratio of the CPB specimens with sulphate are lower than those
of sulphate-free specimens after the initial curing period. This performance associated with
sulphate concentrations can be explained by the fact that sulphate ions can contribute to the
decrease of CPB internal porosity due to the precipitation of secondary hydrated minerals within
the capillary pores and voids, as discussed earlier. Moreover, it is noted in Figure 5-11b that the
pre-cracked CPB specimens with sulphate concentration of 5000 ppm could achieve the lowest
porosity and void ratio. This is due to the absence of an inhibition effect in 5000 ppm sulphate
concentration (see Figure 5-14a), which facilitates the formation of hydration products to refine
the pore structure (Li & Fall, 2018). This can also be demonstrated by the saturated hydraulic
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conductivity of CPB specimens with 5000 ppm of sulphate concentration as shown in Figure 5-12b.
It is noticed that the PC90% pre-cracked specimen with sulphate concentration of 5000 ppm
exhibits a consistent recovery of saturated hydraulic conductivity with an HCRR value reaching
94.6% after the self-healing period of Day 90. The adequate amount of expansive minerals formed
in the cracks and pores results in the refinement of the microstructure, thus, in turn contributing to
the hydraulic conductivity recovery and decrease. In the same way, significant recovery of
hydraulic conductivity is also observed in the pre-cracked CPB specimens with the sulphate
concentration of 15000 during the early self-healing period up to D28. For example, the PC90%
pre-cracked specimens achieve an approximately 30% increase in HCRR, indicating a remarkable
refinement of the pore structures. This improvement is attributed to the formation of adequate
secondary hydration products, which also accounts for the promising self-healing efficiency in
mechanical strength as previously discussed. However, as the self-healing progresses to the
advanced period, the newly generated cracks caused by excessive pressure start to appear within
the CPB matrix with high sulphate concentrations (15000 and 25000 ppm). These newly formed
cracks counteract the benefits gained from the microcrack closure and pore filling with expansive
minerals. This is illustrated in Figure 5-11 (c, d) and Figure 5-12 (c, d), in which insignificant
changes in porosity and void ratio, and saturated hydraulic conductivity can be observed at
advanced self-healing periods. The saturated hydraulic conductivity of the control specimen with
sulphate concentration of 25000 ppm even increases from the self-healing period of D28 to D90,
resulting in an HCRR value of only 59.2%. The increased value of saturated hydraulic conductivity
can be caused by the excessive amount of expansive minerals (as illustrated by the thermal analysis
in Figure 5-8b). These expansive minerals could have exerted excessive pressure on the pore
structure of the CPB specimens with sulphate concentrations of 25000 and 15000 ppm. This
pressure would result in the new formation of microcracks, as evidenced by findings from
(Pokharel & Fall, 2013), thus undermining the self-healing performance.

Although the CPB specimens with sulphate concentrations of 5000 and 0 ppm demonstrate
constantly positive self-healing characteristics as previously discussed, it is noticed that the
hydraulic conductivity values of the pre-cracked specimens cannot achieve a complete recovery,
obtaining equivalent values as control specimens after the studied self-healing period, as illustrated
in Figure 5-12 (a, b). This is due to the existence of macrocracks within the CPB matrix, which
significantly impacts the permeability performance of the CPB structure. During the process of
crack initiation, the microcracks start to appear when the applied pre-cracking load falls in the
plastic zone (the first non-linear deformation region in the strain-stress curve as shown in Figure
5-3). As the pre-cracking level approaches the peak stress region, more microcracks will be
generated and gradually connected to form macrocracks within the CPB matrix (Wang et al., 2024;
He et al., 2021; Fall et al., 2007). Furthermore, as aforementioned, the self-healing behaviour in
CPB specimens is attributed to the continuous hydration of unhydrated cement particles,
carbonation of CH, and the formation of secondary hydration products when exposed to internal
sulphate. It implies that an insufficient amount of the formed self-healing products limits the crack
closure capability of CPB materials, resulting in partial healing or no healing scenarios in the crack
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closure as previously discussed. Therefore, the opening of macrocracks in the pre-cracked
specimens leads to higher hydraulic conductivity even after the self-healing process.
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Figure 5-12. Changes of hydraulic conductivity and HCRR of CPB with different sulphate
concentrations ((a) 0 ppm, (b) 5000 ppm, (c) 15000 ppm, and (d) 25000 ppm) over self-healing
period (D7, D28, and D90: 7, 28 and 90 days of self-healing period, respectively).

5.2.4 Summary and Conclusions

This paper presents the experimental results of a study that investigates the effect of internal
sulphate exposure on the self-healing behaviour of CPB mixtures with various self-healing periods
(0, 7, 28, and 90 days). Based on the research findings, the following conclusions are determined.

Sulphate ions within the CPB mixture enhance the self-healing performance in crack
closure, particularly in the first 28 days of self-healing, due to the precipitation of secondary
hydrated minerals and cement hydration products. As progressing to the 90 days of self-
healing period, the pre-cracked specimen with sulphate concentration of 5000 ppm
performs a constantly positive impact on crack closure. However, pre-cracked CPB
specimens with sulphate concentrations of 15000 and 25000 ppm exhibit diminished
performance in crack closure due to sulphate attack induced deterioration.
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o The results of analytical techniques reveal that a large amount of ettringite combined with
gypsum, C-S-H, Ca(OH),, and CaCOs3 contribute to the crack closure and self-healing
performance within the CPB matrix when subjected to the sulphate concentrations. The
presence of ettringite and gypsum results from the reactions between C3A and CH with
sulphate ions, while C-S-H and Ca(OH); arise from cement hydration and CaCO3 from
carbonation.

o All studied sulphate concentrations favour the self-healing performance in mechanical
strength of the CPB matrix at the early self-healing period up to Day 28. The PC90% pre-
cracked specimens with sulphate concentration of 15000 ppm demonstrate the most
significant strength development. The favorable strength recovery is mainly attributed to
the precipitation of an adequate amount of secondary hydration and cement hydration
products.

o The CPB specimens with sulphate concentration of 5000 ppm maintain a consistently
positive self-healing performance in strength recovery over the entire studied self-healing
period attributed to the absence of inhibition effect. However, CPB specimens with sulphate
concentrations of 15000 and 25000 ppm have an opposite performance at the advanced self-
healing period of D90. The negative effect of high sulphate concentrations can be explained
by three factors: (i) the physical damage due to the formation of excessive amounts of
expansive minerals in the microcracks and capillary pores, (ii) the production of weaker C-
S-H gel because of sulphate absorption by C-S-H, and (iii) the lower amount of hydration
products due to inhibition of cement hydration at high sulphate concentrations.

o Additionally, saturated hydraulic conductivity shows a self-healing performance similar to
mechanical strength. Due to the presence of macrocracks and limited amounts of healing
products, the pre-cracked specimens cannot easily achieve a complete recovery in
permeability property.

Despite the significant findings of this research and their relevance to CPB technology, the study
only explored self-healing periods up to 90 days. The long-term effects of sulphate on self-healing
performance over extended periods (e.g., one year or more) remain unknown. Additionally, in the
field, backfill structures may be subjected to curing temperatures significantly higher or lower than
the room temperatures used in this study. The combined effect of sulphate exposure and varying
curing temperatures on self-healing performance has yet to be determined. Furthermore, this
research used only synthetic silica tailings composed primarily of quartz for the CPB samples.
While quartz is the dominant mineral in many hard rock mine tailings, natural tailings can exhibit
a wide variety of mineral compositions. The impact of tailings composed of different minerals on
the self-healing performance of CPB under sulphate exposure is still unclear. Future studies should
address these knowledge gaps to provide a more comprehensive understanding of self-healing
behaviour in CPB systems, ultimately improving their design and durability.
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Abstract

Cemented paste backfill (CPB) is an innovative cementitious construction material widely used to
stabilize underground mine structures and minimize the mine’s environmental impact.
Understanding the factors that influence the self-healing efficiency of CPB is essential to optimize
its design and improve its durability. In real-world applications, CPB structures are often exposed
to varying curing temperatures, which can affect their self-healing ability. However, the specific
impact of temperature on the self-healing capacity of CPB is not yet clearly established. This study
experimentally investigates the effects of temperature (i.e., 2°C, 20°C, 35°C, and 50°C) on the self-
healing performance of CPB. The self-healing efficiency was evaluated through observations of
crack closure, mechanical strength tests, hydraulic conductivity measurements, and assessments of
physical properties (i.e., porosity and void ratio). The results demonstrate that temperature
significantly influences CPB’s self-healing performance. Elevated temperatures (35°C and 50°C)
enhance the self-healing process within the CPB matrix compared to room temperature (20°C),
primarily due to accelerated binder hydration. The pre-cracked CPB specimens can restore their
strength and achieve up to approximately 31 % higher strength than uncracked specimens after 28
days of self-healing. However, the pre-cracked specimens cured at low temperature (i.e., 2°C)
exhibit low self-healing capacity, particularly at early ages. The low curing temperature
significantly delays the onset of the self-healing process in CPB material. Moreover, analytical
techniques reveal that an amount of healing products, mainly consisting of C-S-H, Ca(OH)2, and
CaCOg, contribute to this promising self-healing performance. The findings from this paper have
important practical implications for the design, mechanical stability, and durability of CPB
structures, providing valuable insights for engineering practices.

Keywords: Cemented paste backfill; Self-healing; Mine; Tailings; Mechanical properties;
Hydraulic conductivity; Temperature.

5.3.1 Introduction

Cemented paste backfill (CPB) has been extensively employed in modern mining operations as an
innovative cementitious material for post-mining solid wastes (usually tailings) management from
a sustainable and cost-effective perspective (Fall & Benzaazoua, 2005; Yilmaz et al., 2004). The
engineered CPB mixture typically consists of dewatered tailings (solid percentage of 70-85%)),
hydraulic binder (usually 3-7% by weight), and water to achieve a homogeneous paste that is
usually prepared in a plant located at the surface of a mine site and transported to the underground
filling extracted stopes or cavities (Fall et al., 2005; Benzaazoua et al., 2004). Compared to the
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traditional surface mine waste disposal, the CPB technique returns a large amount of waste tailings
to the underground, significantly reducing the surface tailings impoundment requirement and
eliminating the risk of environmental contamination and dam failure (Saremi & Fall, 2024). In
addition, the CPB structure stabilizes the underground structure to minimize the potential
geotechnical hazards (i.e., subsidence and rock wall instability) and provides a safe working floor
for mining activities (Fall et al., 2010).

To fulfil its role of mine rehabilitation, it is essential for a CPB structure to satisfy the geotechnical
requirement of mechanical stability after placement. One of the critical parameters used in practice
to evaluate the mechanical performance of a CPB structure is uniaxial compressive strength (USC)
since the UCS test is relatively inexpensive, quick, and can be easily incorporated into routine
quality control programs at the mine (Vergne, 2000).

From early to advanced curing ages, the properties of designed CPB are significantly affected by
thermal (T, i.e., geothermal gradient, hydration heat, heat transfer), hydraulic (H, i.e., suction, pore
water pressure (PWP) development, water drainage), mechanical (M, i.e., in-situ stress, CPB self-
weight, filling rate and strategy), and chemical processes (C, i.e., binder reactions, contamination
dissolution, and precipitation) (Aldhafeeri & Fall, 2017; Cui & Fall, 2015, 2017; Ghirian & Fall,
2014). Among them, thermal load (curing temperature) stands as an important factor impacting
CPB mechanical properties and structural integrity, which is often directly associated with binder
hydration rate dominating the strength development and pore characteristics. The temperature
condition varies in different mines and backfilling structures and is influenced by several critical
factors (Fall et al., 2010). First, the depth of mines and geological conditions significantly impact
temperatures because of the geothermal gradients. The exposed rock mass is the primary heat load
source in any deep-level mining operation, which means those near geothermal sources would
experience higher temperature levels with deeper mines. Then, the geographical location of the
mine (climate of the region) affects the temperature of the mines situated at relatively shallow
depths. In addition, the exothermic hydration of binders in the CPB structure, which is the primary
source of heat in the CPB technique, can generate considerable heat during the curing process. The
large dimensions of CPB structures can retain heat, and when combined with heat generated during
pipeline transportation, the temperature can be substantially elevated within the CPB structure.
Furthermore, self-heating from exothermic reactions of sulphide minerals in the backfill or
surrounding rock mass can also occur; however, extreme temperatures are infrequent in tailings
backfill operations. Lastly, human-induced heat sources, such as machinery and blasting operations,
generally have a minor impact on large CPB structures. To date, the effects of temperature on CPB
materials have been extensively investigated (Xiu et al., 2022; Chen et al., 2021; Cheng et al., 2020;
Fang & Fall, 2018; Wu et al., 2013; Fall et al., 2010; Nasir & Fall, 2010). For example, Fall et al.
(2010) evaluated the development of compressive and split tensile strengths, modulus of elasticity,
stress-strain behaviour, and microstructure of CPB specimens at different curing times and
temperatures from 2°C to 50°C. The results revealed that the increasing temperature, particularly
moderate temperature (<35°C), could contribute to a much better strength development with a
reduced binder consumption, and the effect of temperature also depends on the binder type, water-
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to-cement ratio, and tailings type. Additionally, Chen et al. (2021) investigated the compressive
strength development of CPB samples under similar curing temperatures, and an increasing trend
in UCS was observed, with an increase in curing stress and curing temperature due to the
acceleration of cement hydration. Furthermore, the shear stress at the interface between early age
CPB and rock could also be enhanced with the increasing curing temperature of up to 35°C (Fang
& Fall, 2018). However, the increasing temperatures would lead to an increase in yield stress and
viscosity of the CPB mixture, which are not favourable to the transportation process (Wu et al.,
2013). Accordingly, temperature is a significant variation that should be considered in mine backfill
design and operations.

Cracks in CPB structures can be generated when subjected to underground stress conditions. For
example, excessive stresses generated by the pressure of the CPB overburden, stresses induced by
the closure of rock walls adjacent to or surrounding the CPB structures, rock bursts, or shrinkage
could lead to the initiation and propagation of cracks. The presence of cracks will significantly
damage the CPB structure integrity, decrease its mechanical strength, and increase its permeability.
Thereby, the service life and durability of CPB structures will be severely diminished. Despite the
importance of self-healing in extending the longevity of CPB, this area remains largely unexplored,
with limited studies investigating self-healing behaviours in CPB. Recent studies (Xiang et al.,
2023a; Xiang et al., 2023b) have explored enhancing CPB’s self-healing efficacy by embedding a
mix of aerobic and anaerobic bacteria in polypropylene-fiber reinforced backfill. Findings suggest
this approach can improve the self-healing ratio of cracked backfill. However, introducing bacteria
into CPB presents practical challenges in underground mine operations, such as increased costs,
increased complexity in CPB quality control and potential environmental concerns. Further work
has investigated self-healing (autogenous healing) behaviours in CPB without adding specialized
self-healing agents (Quan & Fall, 2024), inspired by the self-healing concept successfully applied
to other cementitious materials, such as concrete (De Belie et al., 2018; Neville, 2002), mortar
(Suleiman & Nehdi, 2021; De Nardi et al., 2017), high-performance fiber-reinforced cementitious
composites (Cuenca & Ferrara, 2017; Ferrara et al., 2017), and engineered cementitious composites
(Yang et al., 2011; Yang et al., 2009). This promising self-healing performance in CPB suggests a
viable means to repair or mitigate cracks, enhancing durability and extending the structure’s service
life by initiating a self-repair process upon crack formation.

Nevertheless, the achievement of self-healing in CPB material is mainly attributed to two main
mechanisms: i) continuous hydration of unhydrated cement particles, and ii) carbonation of
calcium hydroxide, which are likely to be considerably impacted by the temperature variations as
aforementioned. Add to that, previous studies on the effects of temperatures on CPB have focused
on the properties of intact CPB specimens, but no studies have been carried out to investigate the
effect of temperature on the self-healing ability and performance of cracked CPB specimens.
Although the effects of temperature on the autogenous healing of conventional cementitious
materials (e.g., concrete, mortars) have been studied (e.g., Li et al., 2023; Su et al., 2020; Yang et
al., 2009; Reinhardt & Jooss, 2003), these findings cannot be directly applied to CPB materials due
to significant differences between CPB and conventional cementitious materials, such as CPB’s
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lower cement content, CPB’s higher water-to-cement ratio and the differing particle size
distributions between tailings and aggregates. No studies on the effect of temperature on the self-
healing capacity and behaviour of CPB have yet been carried out. Therefore, the primary objective
of this study is to experimentally investigate the effects of different temperatures on the self-healing
(autogenous healing) capacity and behaviour of CPB material across various self-healing periods.

5.3.2 Materials and Experimental Program

5.3.2.1 Materials

Tailings

To control the mineralogical compositions of tailings and eliminate the uncertainties in
experimental results, synthetic silica tailings (ST, 99.8% of which is silicon dioxide) were used to
prepare the CPB mixtures because of their pure composition and homologous particle size
distribution with the natural tailings (NT) from nine different mines in eastern Canada, as depicted
in Figure 5-15. This figure demonstrates that ST has about 45 wt.% fine particles (<20 mm) and
can be classified as medium tailings. STs, composed of SiO2 (99.8%), with Al,O3 (0.05%) and
Fe>03 (0.035%) as secondary components, are considered to be chemically inert materials (Carraro
et al., 2009). In addition, the physical properties of ST are shown in Table 5-6.

Binder and water

General Use (GU) Portland cement, the most common cement in the mining industry, was used as
the hydraulic binder to prepare CPB specimens. The chemical compositions of GU cement are CaO
(62.82%), Si02 (18.03%), Al,Os (4.53%), SOs3 (3.82%), Fe2O3 (2.70%), and MgO (2.65%).
Additionally, tap water was used to mix with ST and binder to prepare the CPB mixture.

Table 5-6. Physical properties of the tailings used and the average of nine natural tailings in eastern
Canada.

Dio Dso Dso Deo

Element Gs Cu Ce
(pm)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

Nine NT average - 1.8 9.1 20.0 30.8 17.1 1.7

G;,: specific gravity; C,: coefficient of uniformity; C.: coefficient of curvature.

5.3.2.2 Specimen preparation and initial curing

The CPB mixture was prepared by blending the three ingredients in a mixer for 7 minutes until
achieving homogeneity with a 4.5 wt.% proportion of binder (GU cement) and a constant water-
to-cement ratio (w/c) of 7.35. The slump value of the prepared CPB mixture was measured to be
18 cm by slump tests in accordance with ASTM C143 (ASTM, 2020), ensuring the pumpability
and transportability of the prepared CPB material. To prepare specimens for subsequent testing,
cylindrical moulds with a size of ®50%100 mm were used to cast the CPB specimens. Then, the
specimens underwent an initial curing (IC) period of 7 days under different curing temperatures of
2°C, 20°C, 35°C, and 50°C prior to crack initiation (as outlined in Table 5-7). A total of 200 CPB
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specimens were prepared in this study to investigate the impact of temperature on the self-healing
capacity of the CPB material.

100

Cumulative percent (%)

10

100 1000

Particle diameter (um)

Figure 5-15.Particle size distribution of the used ST along with an average of nine NTs in eastern

Canada.

Table 5-7. Mix composition and curing conditions of prepared CPB specimens.

Sample Binder content w/c  Initial curing Curing temp. Pre-cracking level Self-healing period
nomenclature (Wt.%) ratio (day) () (%) (day)
7
0, 75%, and 909
T 4.50 7.35 7 2 c;fUé)é after Ié) ;g
0, 75%, and 90% ;
, 75%, an. 0
T20 4.50 7.35 7 20 of UCS after IC 53
0, 75%, and 90% g
, 75%, an. 0
T35 4.50 7.35 7 35 of UCS after IC ;g
<o 45 s ; 50 0, 75%, and 90% 278
. : of UCS after IC 90
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5.3.2.3 Crack Initiation

The uniaxial compressive strength (UCS) tests were conducted on the CPB specimens to determine
their compressive strength and to introduce cracks at prescribed different pre-cracking levels
according to ASTM C39/C39M-21 (ASTM, 2021). In the first phase, the UCS value of the CPB
specimens was determined after the initial curing period. Subsequently, the remaining specimens
were subjected to specific pre-cracking levels of 0%, 75%, or 90% (i.e., control, PC75%, or 90%,
respectively) of the previously measured compressive strength in the pre-peak regime. After
reaching the pre-determined load threshold, the applied load was maintained for one minute for the
generation and propagation of cracks. Only when the pre-cracking level reached approximately
PC75% or above, the cracks became apparent in CPB specimens. As the enhanced pre-cracking
load approaches the peak stress region, the stress-strain curve exhibits its first non-linear behaviour,
where microcracks become increasingly visible in CPB specimens. This performance has also been
observed in previous works (Quan & Fall, 2024; Fall et al., 2009). Note that control CPB specimens
were not subjected to any pre-cracking load (i.e., crack initiation) and were used as reference
specimens for the mixtures.

The UCS tests and pre-cracking processes were conducted using a computer-controlled mechanical
press (MTS 10/GL) with a normal load of 50 kN and a displacement rate of 1 mm/min under
displacement control. Axial deformation was automatically recorded through an internal linear
variable differential transformer (LVDT) connected to an electronic data acquisition system.

5.3.2.4 Healing Condition

The pre-cracked CPB specimens, together with uncracked control specimens, were cured under
different temperatures of 2°C, 20°C, 35°C, and 50°C for a self-healing curing phase. The self-
healing environment without external inference aimed to investigate the self-healing performance
of CPB materials exposed to different temperatures. At the end of each self-healing period of 0, 7,
28, and 90 days, the studied specimens were re-tested to determine the self-healing efficiency. In
this study, the pre-cracking day is named D0, representing the beginning of self-healing, followed
by D7, D28, and D90, representing the self-healing period of 7, 28, and 90 days, respectively.

5.3.2.5 Testing Methods for Self-healing

Crack characteristics

A digital microscope magnified 200 times was employed to observe the crack alterations on the
CPB specimens at the end of each self-healing period. The captured images could provide a direct
assessment of self-healing behaviour in pre-cracked CPB specimens, providing additional insights
into surface crack closure and corroborating the findings of other tests.

Mechanical property investigation

To assess the self-healing efficiency in compressive strength recovery of CPB materials, the UCS
tests were conducted on at least triplicate CPB specimens in accordance with ASTM C39/C39M-
21 (ASTM, 2021) after 7, 28, and 90 days of self-healing period on both healed pre-cracked
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specimens and reference control specimens. A computer data acquisition system was used to
maintain a constant deformation rate of 1 mm/min.

The relative changes in compressive strength (CCSc) of the pre-cracked and healed specimens
compared to the control specimens were calculated as follows:

CC S C (%) — Spre—cracked/healed - scontrol (5 _4)

Scontrol

where Spre-cracked/meated 1 the UCS of the pre-cracked specimens before or after a self-healing period,
and Sconnror 1s the UCS of uncracked control specimens subjected to the same self-healing condition
and period. It is important to note that Eq. 5-4 is used for all cases where the UCS of the pre-
cracked specimen at the initial time of self-healing (DO0) is less than or equal to the UCS of the
control specimen.

Hydraulic property investigation
Permeability significantly impacts the durability and environmental performance of the CPB
structure, and low permeability is essential for controlling water flow, reducing the risk of water
ingress, and ensuring operational safety. In addition, low permeability reduces CPB’s sensitivity to
acid mine drainage and its ability to release contaminants (contaminant leachability) into mining
areas and/or groundwater (after mine flooding) (Bull & Fall, 2020). The decrease in permeability
of self-healed pre-cracked CPB specimens can reflect the self-healing capacity. Given that,
saturated hydraulic conductivity tests were conducted on pre-cracked and healed CPB specimens
using a triaxial cell with a flexible wall technique in accordance with ASTM 5084-16a (ASTM,
2016) to quantitatively examine the changes in the permeability of pre-cracked specimens that have
experienced self-healing. The hydraulic conductivity, ks, was then calculated as follows:
AQ-L

k T c—
sat A Ah - At

(5-5)

where k represents the hydraulic conductivity, cm/s; AQ denotes the quantity of flow during a
certain time interval At, calculated as the average of inflow and outflow, cm?; L signifies the length
of the specimen, cm; A represents the cross-sectional area of the specimen, cm?; At is the time
interval, s; and 4k corresponds to the average head loss of across the specimen, cm of water.

The hydraulic conductivity recovery ratio (HCRR) can be determined by the following formula:
HCRR (%) = L2 x100% (5-6)
0
where £y 1s the initial hydraulic conductivity, cm/s, measured after pre-damaging; 4 is the hydraulic
conductivity, cm/s, measured after specified self-healing period.

Microstructural and chemical analysis

A series of analytical techniques, including scanning electron microscopy-energy dispersive
spectroscopy (SEM-EDS), thermal analyses (TG/DTG), and mercury intrusion porosimetry (MIP),
were employed to characterize the self-healing products and monitor the effect of temperature on
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the microstructure of the CPB specimens, which are crucial for understanding the self-healing
mechanism. SEM-EDS analysis was performed to examine the compositions of the self-healing
products within cracks. Add to that, TG/DTG revealed the different binder hydration degrees
between healed pre-cracked and control specimens. Additionally, the MIP tests evaluated the pore
size distribution in CPB specimens subjected to different temperatures. Furthermore, the changes
in void ratio and porosity of the studied pre-cracked and control specimens were tested over the
self-healing period. SEM-EDS analysis was conducted using an environmentally versatile JEOL
6610LV SEM in low voltage mode, featuring an attached Oxford INCA large area SDD detector.
TG/DTG analysis was carried out using a Setaram Setsys 24 thermogravimetric analyzer, applying
a heating ramp of 10°C/minute from room temperature up to 1000°C in a nitrogen atmosphere.
MIP measurements were performed using a Micromeretics AutoPore 111 9420 mercury porosimeter.

5.3.3 Results and Discussions

5.3.3.1 Crack closure by self-healing

The self-healing performance of cracks in pre-cracked CPB specimens was observed before and
after the self-healing period of 7, 28, and 90 days by using the digital microscope. Figure 5-16
displays the typical observations of crack closure in pre-cracked CPB specimens under different
curing temperatures (2°C, 20°C, 35°C, and 50°C) after different self-healing periods (7, 28, 90
days). From this figure, it is clearly seen that abundant white crystal-like self-healing products are
precipitated inside the cracks or along the crack paths after specific self-healing periods. The
produced healing products contribute to the observed three distinct healing scenarios: complete
healing, partial healing, and no healing. The initial crack width of all studied pre-cracked specimens
was examined with a range from approximately 11.2 to 622.5 um. Due to the unevenness of the
initiated crack width via compressive loading, the maximum crack widths of completely healed
cracks under different healing conditions (i.e., curing temperature and self-healing period) were
measured as an indicator of quantitative evaluation of self-healing efficiency in physical crack
closure. The experimental findings of the CPB specimens cured at 20°C (room temperature) are
used for reference to compare with other studied temperatures. It is demonstrated in Table 5-8 that
the development of crack closure significantly progresses with respect to the curing temperatures
and self-healing periods. Specifically, the elevated curing temperature accelerates the crack closure
rates, suggesting that a crack with a larger width can be completely healed after the same self-
healing period when cured at a higher temperature. For example, the self-healing ability in crack
closure can be observed on the reference pre-cracked CPB specimens cured at 20°C, while the
crack width up to 56.2 um can be closed after the self-healing period of 28 days. For the pre-
cracked specimens cured at 35°C, crack widths up to 89.7 um can be completely healed.
Furthermore, when the curing temperature increases to 50°C, the complete healing of a larger crack
can be achieved with a crack width of up to 120.8 pum. As the self-healing process extends to 90
days, the crack closure becomes enhanced with the maximum completely healed crack width up to
175.3 um in the pre-cracked specimens cured at 50°C. However, it is noticeable that the self-healing
efficiency in crack closure of the pre-cracked specimens cured at 2°C is negligible at the first 7
days of self-healing, during which complete healing is hardly observed and the residual crack
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widths are still as broad as the initial ones. Hence, the self-healing ability of crack closure subjected
to varying temperatures is in the order of 50°C > 35°C > 20°C > 2°C based on the direct
observations by microscope. However, Figure 5-16 shows that, regardless of curing temperature,
some cracks remain only partially sealed or not sealed at all. This outcome is primarily related to
crack width, as larger cracks are less likely to fully self-heal (Quan & Fall, 2024). The self-healing
mechanism in cementitious materials relies on narrower cracks, where sufficient precipitation of
healing products can effectively seal the opening. Narrower, shorter, or shallower cracks have a
higher potential for complete healing due to the smaller volume that requires filling. This indicates
a limitation in the autogenous healing capacity of CPB materials, with crack width being a critical
factor influencing the self-healing efficiency.

Complete healing
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Figure 5-16. Typical observations of crack closure in CPB specimens with curing temperature
and self-healing period of (a) 50°C, 28 days, complete healing, (b) 50°C, 28 days, partial healing,
and (¢) 50°C, 90 days, no healing.
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5.3.3.2 Nature of self-healing products

SEM-EDS analysis was employed to investigate the chemical nature of the observed white crystal-
like self-healing products inside the cracks. As demonstrated in Figure 5-17, the morphology of the
healing products is evident. At least three different locations were analyzed by EDS for each
analyzed specimen. According to the energy spectrum analysis as shown in Figure 5-17, it is
observed that the traces of Ca, Al, C, and O peaks were clearly detected. Due to the continuous
cement hydration, there is no doubt to point out the existence of C-S-H. In addition, the evolution
of C:Ca and O:Ca ratios indicates the presence of Ca(OH), and CaCOs. The result is consistent
with the previous work (Quan & Fall, 2024), the combination of C-S-H, Ca(OH), and CaCOs3 is
the primary self-healing product inside the cracks of the CPB specimens.

5.3.3.3 Mechanical strength change analysis

To analyze the magnitude of strength recovery, UCS tests on both control and healed pre-cracked
CPB specimens were conducted. The results of strength recovery efficiency and development over
the self-healing periods are presented in Figures 5-18 to 5-21. Figure 5-18 illustrates the impact of
curing temperatures on the strength development of control CPB specimens as a function of self-
healing periods of 0, 7, 28, and 90 days. Meanwhile, the overall strength distribution under various
healing conditions (i.e., temperature, pre-cracking level, and self-healing period) is depicted in
Figure 5-19. In addition, Figure 5-20 displays the evolution of UCS and CCSc in pre-cracked
specimens subjected to different curing temperatures of 20°C, 35°C, and 50°C over a self-healing
period of up to 90 days. Figure 5-21 illustrates the evolution of UCS and compressive strength
recovery by self-healing of the CPB cured at a temperature of 2°C.

Table 5-8. Maximum healed crack width after specific self-healing periods subjected to different
temperatures.

Batch Self-healing period ~Maximum completely healed crack width
nomenclature* (day) (um)
7 -
T2 28 18.6
90 33.1
7 45.3
T20 28 56.2
90 72.5
7 56.5
T35 28 89.7
90 149
7 69.5
T50 28 120.8
90 175.3
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Figure 5-17. SEM-EDS detection of self-healing products inside the cracks of CPB specimen
cured at 50°C after 90 days of self-healing period.
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Figure 5-18. Compressive strength development of control CPB specimens under different curing
temperatures and healing periods.

Strength development of uncracked control specimens

The results presented in Figure 5-18 obviously show that the strength of the control CPB specimens
increases as the curing temperature increases regardless of the curing ages. This increase is more
pronounced when the curing temperature (i.e., 35°C, 50°C) is above room temperature (20°C). The
sharp increase in strength can be attributed to the fact that a higher temperature accelerates the
binder hydration reactions, from which more hydration products (i.e., calcium-silicate-hydrate or
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C-S-H, portlandite or CH, ettringite, and gypsum) are generated within the CPB specimens cured
at a higher temperature (Bull & Fall, 2020). Thus, the increased amount of C-S-H improves the
binding force between particles, favouring strength development (Taylor, 1964). Add to that, the
precipitation of hydration products in the empty voids and capillary pores reduces the porosity and
refines the pore structure, leading to a denser CPB matrix, which also contributes to the strength
gain (Fall et al., 2010). This argument is supported by the thermal analysis results conducted on
the CPB specimens cured at 20°C and 35°C at the self-healing period of D7 in Figure 5-22a. Three
main thermal decomposition stages at the temperature ranges of 50-200°C, 400-450°C, and 600-
750°C can be observed in the figure, which represents the evaporation of water and dehydration of
hydration products (i.e., C-S-H, ettringite, gypsum, and carboaluminates), dehydroxylation of CH,
and decarbonization of calcium carbonate (CaCO3), respectively. Given that, the CPB specimen
cured at 35°C clearly shows a higher weight loss in the first and second range than that of 20°C,
indicating that more cement hydration products are generated at a higher curing temperature.
Additionally, the rapid increase in hydration products due to higher curing temperatures is also
demonstrated by the results of porosity and void ratio tests performed on the control CPB
specimens cured at different temperatures (2°C, 20°C, 35°C, and 50°C) as presented in Figure 5-25.
The figure shows a decreasing trend in the porosity and void ratio of control CPB specimens as the
curing temperature increases due to the refinement of pore structures. This finding of more
hydration products with increasing curing temperature is consistent with the previous studies on
CPB (Ali et al., 2021; Fang & Fall, 2018; Pokharel & Fall, 2013; Fall et al., 2010) and other
cementitious materials (Deschner et al., 2013; Schindler, 2004; Khoury, 1992). Moreover, it is also
perceived in Figure 5-18 that the CPB specimens cured at 2°C exhibit the lowest strengths. The
reason for this negligible strength development is that due to the inhibition of low temperature on
the binder hydration, the formation of hydration products is significantly lower compared to those
formed at higher temperatures, thereby resulting in low strength.

Compressive strength recovery by self-healing
At curing temperatures >20 °C

Figure 5-19 plots the distribution of the averaged strength value of each specimen subjected to a
specific healing regime. It is generally observed that elevated temperatures (temperature >20 °C)
have a significant effect on self-healing efficiency and the mechanical strength of CPB specimens.
Specifically, Figure 5-20 displays the detailed recovery of compressive strength of specimens cured
at temperatures >20 °C, quantified by means of the index CCSc, calculated as in Eq. 5-4, for the
investigation of temperature effects over the self-healing period. The experimental findings of the
CPB specimens cured at 20°C (room temperature), as shown in Figure 5-20a, are used for reference
to compare with other studied temperatures. It can be seen that the specimens cured at 20°C can
recover to an equivalent UCS value as the control specimens or even achieve higher compressive
strength than the control ones for the PC90% pre-cracked specimens after the self-healing period
of 7 days (D7). Previous study (Quan & Fall, 2024) has demonstrated that the observed self-healing
(autogenous healing) performance within the CPB matrix is mainly attributed to two mechanisms:
1) continuous hydration of unhydrated cement particles and i1) carbonation of CH, which enhances
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the binding force between particles and decreases the internal porosity, thus refining the pore
structure and restore the mechanical strength. This argument is also demonstrated by the thermal
analysis results in Figure 5-22b. In the figure, as the self-healing period extends from D7 to D28,
the three distinct weight losses that represent the decompositions of hydration products become
more pronounced, which indicates that the continuous hydration of unhydrated cement particles
significantly benefits the self-healing performance within the CPB matrix. As the self-healing
period elongates, the healing performance results in a continuous recovery and increase in
compressive strength with the increasing CCSc values. The increase is more pronounced for the
specimens with a higher pre-cracking level. For example, from the self-healing period of 28 days
(D28) to 90 days (D90), the specimens with the pre-cracking level of PC90% achieved
approximately 13.3% to 20.9% higher UCS values than those of the control specimens. The reason
for this supplementary increase in strength is that since the initiated cracks provide the pathways
allowing more CO> to penetrate the CPB matrix favouring the carbonation of Ca(OH),, the
additional amount of formed calcite CaCOs3 further contributes to the self-healing behaviour and
strength recovery (Quan & Fall, 2024).
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Figure 5-19. Overall comparison of compressive strength recovery and development of pre-
cracked CPB specimens subjected to temperature effect.

In addition, the pre-cracked CPB specimens cured at 35°C exhibit a similar but improved self-
healing efficiency in strength recovery and development compared to those cured at 20°C, as
illustrated in Figure 5-20b. Noticeable increased CCSc values are observed at the self-healing
period of 28 (D28) and 90 days (D90), with CCSc values of 23.4% and 27.4%, respectively. This
increase in strength gain is attributed to the acceleration in cement hydration induced by the
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increased curing temperature. The higher curing temperature accelerates the hydration of the
unhydrated cement and promotes the formation of more hydration products (i.e., C-S-H, CH,
CaCOs, ettringite, and gypsum), as aforementioned and demonstrated in Figure 5-22a. These
generated hydration products fill the microcracks to achieve crack closure with a faster healing rate.
In other words, microcracks with larger crack widths can be completely healed under higher curing
temperatures after the same healing period (as listed in Table 5-8). Likewise, the precipitation of
hydration products reduced the volume of capillary pores within the CPB matrix, resulting in a
more refined pore structure, which can be considered an additional contributor to the increase in
temperature-induced strength of CPB. This argument also agrees well with the results of MIP tests
performed on control CPB specimens cured at 2°C, 20°C and 50°C after a self-healing period of
90 days (D90) in Figure 5-23, where the increasing curing temperature delivers a denser
microstructure with a finer distribution of the pores and the decreased threshold pore diameter.
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Figure 5-20. Evolution of the UCS and CCSc of the pre-cracked CPB specimens exposed to
different temperatures of (a) 20°C, (b) 35°C, and (c) 50°C over self-healing period (DO, D7, D28,
and D90: 0, 7, 28 and 90 days of the self-healing period, respectively).

As the curing temperature elevates to 50°C, a more obvious tendency to a faster self-healing
process in case of an increase in temperature can be recognized in Figure 5-20c. Unlikely to the
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continuously rigorous self-healing performance for the specimens cured at 20°C and 35°C over the
studied self-healing period up to 90 days, the CPB specimens cured at 50°C have a more robust
self-healing efficiency up to the self-healing period of 28 days (D28), whereas followed by a lower
self-healing rate. Note that the pre-cracked CPB specimens cured at 50°C achieve higher UCS
values than the control specimens after only 7 days self-healing period for both pre-cracking levels.
As the self-healing progresses to D28, the specimens with the pre-cracking level of PC90% can
even perform 30.6% higher strength than the control ones. In the same way, the elevated curing
temperature to 50°C further accelerates the rate of cement hydration, the produced hydration
products fill in the cracks and voids to refine the pore structure and enhance the mechanical strength.
While high temperatures accelerate the initial hydration reaction of cement that leads to rapid
formation of hydration products, the availability of unhydrated cement particles diminishes,
resulting in a slower self-healing efficiency with a CCSc value of 21% at the advanced self-healing
period of 90 days (D90). In contrast to conventional cementitious materials (i.e., concrete and
mortar), which usually exhibit an inverse compressive strength development when cured at high
temperatures during the advanced curing age due to the cross-effect (Alexander, 1962), the elevated
temperature (up to 50°C) can contribute to the continuous refinement of pore structure and strength
recovery of the CPB specimens (Fall et al., 2010). Both the results of MIP and porosity tests, as
illustrated in Figures Figure 5-23 and Figure 5-25, manifest a decreasing trend of the proportion of
macropores and pore structure of control and healed pre-cracked CPB specimens over the self-
healing period as the curing temperature increases. This absence of strength inversion can be
explained by the dilution effect due to the high w/c ratio of 7.35 within the CPB matrix (Fall et al.,
2010). The dilution effect allows more water to react and surround the cement particles than in
conventional concrete or mortar, facilitating the diffusion of hydration products farther from the
cement grains. This prevents the hydration products from precipitating around the cement grains
and impeding further hydration reactions. Furthermore, the thermal analysis results in Figure 5-22d
reveal the existence of the additional amount of calcite in the healed pre-cracked specimens cured
at 50°C after the advanced self-healing period of 90 days (D90), which further promotes the self-
healing efficiency in strength recovery.

It should be noted that although water evaporation from CPB masses in underground mines is
generally limited-affecting only shallow depths of the backfill due to the typically high humidity
in underground mines and large volume of CPB-very high temperatures, especially in deep mines,
can enhance evaporation. Additionally, CPB can release significant heat during cement hydration,
which can increase localized evaporation. Excessive evaporation may reduce the water content
within the CPB, potentially impacting its self-healing performance, as self-healing processes in
cementitious materials rely on the presence of moisture to enable hydration and carbonation
reactions. In low-humidity conditions, insufficient moisture can hinder these reactions, leading to
incomplete healing (Neville, 2000).
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At curing temperature <20 °C

The CPB specimens cured at 2°C (low temperature) exhibit different behaviour compared to those
cured at temperatures > 20°C, particularly in terms of initial strength development and the
magnitude of strength recovery. The behaviour of these 2°C-cured specimens can be characterized
by two main stages: (i) an initial increase in strength due to pre-cracking at D0, and (ii) a low
magnitude of strength recovery in the pre-cracked CPB specimens. These stages are discussed in
more detail below.

(i) Initial increase in strength due to the pre-cracking at D0

The results indicate that the pre-cracked specimens cured at 2°C initially achieve higher UCS
values than the control specimens after the pre-cracking process (at the self-healing period at D0),
as shown in Figure 5-21a. This figure illustrates the relative changes in compressive strength (CCSc)
of the pre-cracked and healed specimens compared to the control specimens (which were not
initially damaged). It can be observed that immediately after the pre-cracking process, i.e., at self-
healing period DO, regardless of the pre-cracking level (PC75% or PC90%), the strength of the pre-
cracked specimens at DO is higher than that of the control specimens. For instance, specimens with
a pre-cracking level of PC90% exhibit a 20.7% higher UCS value than the control specimens
immediately after the pre-cracking process (Figure 5-21a). This immediate increase in strength,
induced by the compaction of CPB specimens, is attributed to the contracting volumetric behaviour
of CPB materials under uniaxial compressive loading (Fall et al., 2009). During the pre-cracking
process, specimens cured at 2°C experience significant compaction and densification, reducing the
volume of voids and pores and enhancing particle interlocking and bonding, which results in
improved strength after the pre-cracking process (Ghirian & Fall, 2015; Fall et al., 2009). Figure
5-21a also shows that due to their initial higher strength and the continuous binder hydration in all
samples, the strength of the pre-cracked specimens remains consistently higher than that of the
control specimens throughout the curing period.

(ii) Low magnitude of strength recovery compared to control specimen at D>(0

Given that the strength of the pre-cracked CPB specimens at DO (i.e., the initial strength of the pre-
cracked specimens) is higher than that of the control specimens (uncracked specimens), the
calculation of CCSc is not suitable for evaluating the strength recovery or self-healing efficiency
of the pre-cracked specimens cured at 2°C. This conclusion is reached by determining the relative
changes in compressive strength (CCSp>o) of the pre-cracked specimens at 2°C compared to the
control specimens at the same self-healing period (D>0) while taking into account the initial
strength increase due to the initial compression of the CPB as described earlier. The relative change
was calculated as follows:

CCSD>0 (%): [SD>0 - (SDO‘Scomrol at DO)] - Scontrol at D>0 (5_7)
Scontrol at D>0
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where Sp-o is the UCS of the healed specimens after the self-healing period of 7, 28, and 90 days,
and Spo is the UCS of the pre-cracked specimens before self-healing. Scontol at D0 represents the
UCS of uncracked control specimens subjected to the same self-healing condition and period, and

Scontrol at D0 18 the UCS of uncracked control specimens at the beginning of the self-healing, i.e., at
DO.

Figure 5-21b displays the detailed recovery of compressive strength of the 2°C-specimens
quantified by means of the index CCSp>0, calculated as in Eq. 5-7. It can be observed that opposite
to the vigorous self-healing behaviour in the pre-cracked CPB specimens cured at temperatures
>20°C (i.e., 20°C, 35°C, and 50°C) (Figure 5-20), the pre-cracked specimens exhibit a generally
minor strength recovery and development when cured at 2°C as illustrated in Figure 5-21b. It is
seen that the pre-cracked specimens exhibit similar or lower strengths than the control ones with -
0.5% and -4.9% CCSp>0 values of PC75% and PC90% pre-cracked specimens, respectively, after
the self-healing period of 7 days (D7), which indicate that the aforementioned immediate increase
in strength after the pre-cracking process at DO cannot be sustained when cured at a low
temperature. Moreover, it is noticed that only up to 14.1% value of CCSp>0 is achieved after the
self-healing period of 90 days (D90) in the PC75% pre-cracked specimens. This is due to the
formation of a low or insufficient amount of hydration products (i.e., C-S-H, which provides
binding force between particles) during the healing period. The chemical reactions involved in the
hydration process of cement are temperature-dependent, and the low temperature inhibits cement
hydration in the CPB specimens, leading to a lower amount of production of hydration products.
The insufficient hydration products also impact the crack closure of the pre-cracked specimens
cured at 2°C, where no complete crack healing is perceived after a self-healing period of 7 days, as
listed in Table 5-8. The table shows that for samples cured at 2°C, only 18.6 and 33.1 um of the
crack width are completely healed after 28 and 90 days of the self-healing period, respectively.
This healing performance is significantly inferior to the crack closure observed in the pre-cracked
specimens cured at temperatures >20°C. The lower amount of cement hydration products in the
2°C-specimens and reduced self-healing capacity are consistent with the MIP results presented in
Figure 5-23. This figure shows that the pore structure of the specimens cured at 2°C is much coarser
than those cured at >20°C after the self-healing period of 90 days. The temperature-dependent
increase in pore size is substantially dependent on the hydration process. A lower amount of cement
hydration results in fewer hydration products filling the pores of the CPB, leading to a coarser pore
structure. Additionally, reduced self-healing leads to more cracks that remain unfilled with
hydration products, further contributing to a coarser pore structure. The conclusions drawn from
the MIP results are further supported by the findings from hydraulic conductivity tests and
porosity/void ratio measurements conducted on the CPB samples, as presented in Figure 5-24 and
Figure 5-25, respectively. It can be seen that the insignificant saturated hydraulic conductivity and
decrease in porosity of the control and pre-cracked specimens cured at 2°C also imply the
occurrence of limited cement hydration and a self-healing process.
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Figure 5-21. Evolution of the UCS along with (a) CCSc and (b) CCSp>0 of the pre-cracked CPB
specimens exposed to the temperature of 2°C over self-healing period (D0, D7, D28, and D90: 0,
7, 28 and 90 days of the self-healing period, respectively).
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Figure 5-22. TG/DTG comparison of (a) control specimens cured at 20°C and 35°C after self-
healing period of 7 days, (b) control specimens cured at 20°C after self-healing period of 7 and 28
days, (c¢) control and PC90% pre-cracked specimens cured at 2°C after self-healing period of 90
days, and (d) control and PC90% pre-cracked specimens cured at 50°C after self-healing period

of 90 days.
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Figure 5-23. MIP pore size distribution of control CPB specimens cured at 2°C, 20°C, and 50°C,
respectively, after a self-healing period of 90 days.

5.3.3.4 Analysis of hydraulic conductivity changes

The self-healing efficiency in permeability property of CPB specimens subjected to different
temperatures as measured by the change of saturated hydraulic conductivity (ksa) is displayed in
Figure 5-24 as a function of the self-healing period. The values on the second y-axis indicate the
hydraulic conductivity recovery ratio (HCRR) of the pre-cracked specimens after self-healing
compared to the initial scenario. This figure shows that the saturated hydraulic conductivity of the
control CPB specimen decreases as the curing temperature increases after the initial curing period.
This performance associated with temperature increase is attributed to the previously discussed
fact that higher temperatures expedite the cement hydration reactions. The higher amount of
generated hydration products accommodates the capillary voids and pores to reduce the internal
porosity and refine the pore structure of the CPB matrix, thus delivering a decreased hydraulic
conductivity. This has also been demonstrated by the results of porosity and MIP tests performed
on control CPBs subjected to different curing temperatures, as shown in Figure 5-23 and Figure
5-25, respectively. The figures show that the control CPB specimens cured under higher
temperatures have increasingly lower porosities and finer pore size distribution due to the
progressive refinement of their pore structures.
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Figure 5-24. Changes of hydraulic conductivity and HCRR of pre-cracked specimens exposed to
different temperatures of (a) 2°C, (b) 20°C, (c) 35°C, and (d) 50°C over self-healing period (D7,
D28, and D90: 7, 28 and 90 days of self-healing period, respectively).

As the self-healing behaviour occurs, the saturated hydraulic conductivities of pre-cracked CPB
specimens decrease with the extension of the self-healing period up to 90 days, regardless of the
curing temperature and pre-cracking level. The hydraulic conductivity changes of pre-cracked CPB
specimens cured under 20°C (room temperature) are shown in Figure 5-24b for reference. It is seen
that the PC90% pre-cracked specimen exhibits a successive recovery of saturated hydraulic
conductivity with an HCRR value reaching 82.9% after the self-healing period of Day 90. This
decrease in hydraulic conductivity is ascribed to the self-healing process, during which the
reactions of continuous cement hydration and carbonation of Ca(OH), produce the healing products
(i.e., C-S-H, Ca(OH),, and CaCO:3) to fill the cracks and voids and block the internal connections
within CPB matrix, thereby resulting in the reduction of porosity and modification of pore
structures. When the pre-cracked specimens were cured under 35°C and 50°C, the hydraulic
conductivity decreasing rate is faster compared with that of 20°C, with 50°C being the fastest
among all studied temperatures. Specifically, the HCRR values of the PC90% pre-cracked
specimens reach up to 87.9% and 92.2% when cured at 35°C and 50°C, respectively, after the self-
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healing period of D90. Furthermore, the PC90% pre-cracked specimens cured at 50°C exhibit a
more robust healing performance during the first 28 days of the self-healing period with an
achievement of HCRR value up to 78.0%. The results of HCRR indicate that the elevation of curing
temperature significantly enhances the self-healing efficiency in CPBs. In other words, the extent
of cement hydration is more vigorous in the pre-cracked specimens cured at higher temperatures,
which accelerates the hydration reaction with more production of healing products over the same
self-healing period. This argument agrees with the thermal analysis results in Figure 5-22a, where
the CPB specimen cured at 35°C presents a higher hydration degree than that of 20°C, suggesting
that more cement hydration products are generated at a higher curing temperature to reduce Ksat.
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Figure 5-25. Changes of porosity and void ratio of both control and pre-cracked CPB specimens
cured at the temperature of (a) 2°C, (b) 20°C, (c¢) 35°C, and (d) 50°C over the self-healing period
(DO, D7, D28, and D90: 0, 7, 28 and 90 days of the self-healing period, respectively).

However, as seen in Figure 5-24a, the pre-cracked specimens cured at a low temperature (2°C) bear
comparatively much lower self-healing efficiency in hydraulic conductivity with the achievement
of only up to 31.0% HCRR value after a self-healing period of 90 days (D90). This diminished
healing performance can be explained by the fact that low temperature induces low reactivity
conditions, which impede chemical reactions in cement hydration and the formation of hydration
products. Additionally, CPB specimens usually have comparatively high porosity and large
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capillary pores after a short curing period (i.e., an initial curing period of 7 days in this study) (Fall
& Samb, 2008). Therefore, the lower amount of hydration products is not able to sufficiently fill
the cracks and voids to produce a relatively dense cementitious system, resulting in a poor pore
structure, which provides an easy path for liquid flow. The observation of poor crack closure at 2°C
with the smallest crack width that can be completely healed (as listed in Table 5-8) and the results
of MIP tests in Figure 5-23 also support this performance. The rate of binder hydration governed
by the curing temperature significantly impacts the refinement of the pore structure of the CPB
matrix and is, therefore, responsible for the self-healing efficiency in the recovery of saturated
hydraulic conductivity. From the results presented above it can be concluded that low temperatures
significantly limit the self-healing capacity of CPB due to slower cement hydration rates and
reduced formation of self-healing products. In cold or permafrost regions, this limitation could
affect the durability and stability of CPB structures in underground mining operations, as cracks
may remain unhealed or only partially healed. This insight suggests that in such regions, additional
measures may be needed to enhance CPB’s self-healing performance, such as the incorporation of
additives that facilitate low-temperature hydration. These considerations are crucial for adapting
CPB applications in colder or permafrost areas to ensure the CPB material’s resilience and
structural integrity in cold mining environments.

5.3.4 Summary and Conclusions

This study comprehensively investigated the effects of varying curing temperatures on the self-
healing capacity and performance recovery of pre-cracked CPB specimens. The research focused
on four different temperature levels (2°C, 20°C, 35°C, and 50°C) and evaluated the self-healing
efficiency through the recovery of mechanical strength, hydraulic conductivity, and crack closure
over self-healing periods of 7, 28, and 90 days. Finally, analytical techniques, such as TGA, MIP,
and SEM-EDS, are employed to unravel the self-healing mechanisms within CPB specimens.
Based on the experimental results and discussions above, the following conclusions can be drawn:

o CPB specimens cured at elevated temperatures (35°C and 50°C) exhibited significantly
improved self-healing efficiency and mechanical strength recovery compared to those cured
at room temperature (20°C). The enhanced performance is primarily due to the accelerated
cement hydration at higher temperatures, leading to the formation of more hydration
products within the same self-healing period.

o Among the temperature levels studied, 50°C provided the most robust self-healing
efficiency. Particularly, specimens pre-cracked at 90% of their ultimate compressive
strength achieved a 30.6 % higher UCS than the control specimens after 28 days of self-
healing. However, the availability of unhydrated cement particles decreased over longer
periods, resulting in a slower healing rate after 90 days.

o CPB specimens cured at the low temperature of 2°C displayed delayed and inferior self-
healing capacity. The low temperature inhibited early cement hydration, resulting in fewer
hydration products and limited mechanical strength recovery. This was evident in both the
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mechanical strength and hydraulic conductivity recovery, which remained significantly
lower compared to specimens cured at higher temperatures.

e Specimens cured at 35°C and 50°C also showed faster and more complete recovery of
hydraulic conductivity, with a maximum HCRR of 92% observed at 50°C after 90 days. In
contrast, the specimens cured at 2°C exhibited only up to a 31% recovery in hydraulic
conductivity after the same period, further indicating the adverse impact of low
temperatures on self-healing.

o The improved rates of unhydrated cement particle hydration and carbonation of calcium
hydroxide significantly contribute to the enhanced self-healing efficiency of CPB
specimens when exposed to elevated temperatures. A large amount of self-healing products
(i.e., C-S-H, Ca(OH),, CaCO3) facilitates the physical crack closure with a closure ability
order of 50°C >35°C >20°C >2°C based on the direct observations by microscope. Narrower
and smaller cracks are more effective and have a higher potential to be completely healed
than wider and larger cracks.

In conclusion, this study provides valuable insights into the temperature-dependent self-healing
mechanisms of CPB materials. It demonstrates that curing temperature is a critical factor
influencing the self-healing capacity and mechanical performance recovery of CPB. The findings
underscore the importance of considering curing temperature in the design and implementation of
CPB structures, particularly in ensuring long-term mechanical stability and durability in
underground mining operations.

This study was conducted under controlled laboratory conditions that may not fully capture the
complex environmental and operational conditions present in actual underground mining
environments. Factors such as varying humidity, in-situ stresses, and the presence of other chemical
constituents could impact the self-healing behaviour of CPB in real-world applications. Thus, a
broader investigation into other environmental variables, such as humidity, curing stress or
chemical exposure (sulphate ions), may provide a more comprehensive understanding of CPB’s
self-healing performance. Moreover, future studies could investigate alternative binders or
additives that improve self-healing performance at low temperatures, given the constraints
observed in our low-temperature experiments. These directions would contribute significantly to
refining CPB technology and ensuring its adaptability across diverse mining settings.

157



5.3.5 References

Aldhafeeri, Z., & Fall, M. (2017). Sulphate induced changes in the reactivity of cemented tailings
backfill. International Journal of Mineral Processing, 166, 13-23.

Alexander, K. (1962). Concrete strength, cement hydration and the maturity rule. Aust. J. Appl.
Sci., 13, 277-284.

Ali, G., Fall, M., & Alainachi, I. (2021). Time-and temperature-dependence of rheological
properties of cemented tailings backfill with sodium silicate. Journal of Materials in Civil
Engineering, 33(3), 04020498.

ASTM. (2016). ASTM D5084-16a. Standard Test Methods for Measurement of Hydraulic
Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter. In. West
Conshohocken, PA: ASTM International.

ASTM. (2020). ASTM C143/C143M-20. Standard Test Method for Slump of Hydraulic-Cement
Concrete. In. West Conshohocken, PA: ASTM International.

ASTM. (2021). ASTM C39/C39M-21. Standard Test Method for Compressive Strength of
Cylindrical Concrete Specimens. In. West Conshohocken, PA: ASTM International.
Benzaazoua, M., Fall, M., & Belem, T. (2004). A contribution to understanding the hardening

process of cemented pastefill. Minerals Engineering, 17(2), 141-152.

Bull, A. J., & Fall, M. (2020). Curing temperature dependency of the release of arsenic from
cemented paste backfill made with Portland cement. Journal of Environmental
Management, 269, 110772.

Carraro, J. A. H., Prezzi, M., & Salgado, R. (2009). Shear strength and stiffness of sands containing
plastic or nonplastic fines. Journal of geotechnical and geoenvironmental engineering,
135(9), 1167-1178.

Chen, S., Wu, A., Wang, Y., & Wang, W. (2021). Coupled effects of curing stress and curing
temperature on mechanical and physical properties of cemented paste backfill. Construction
and Building Materials, 273, 121746.

Cheng, H., Wu, S., Li, H., & Zhang, X. (2020). Influence of time and temperature on rheology and
flow performance of cemented paste backfill. Construction and Building Materials, 231,
117117.

Cuenca, E., & Ferrara, L. (2017). Self-healing capacity of fiber reinforced cementitious composites.
State of the art and perspectives. KSCE Journal of Civil Engineering, 21, 2777-2789.

Cui, L., & Fall, M. (2015). A coupled thermo—hydro-mechanical-chemical model for underground
cemented tailings backfill. Tunnelling and Underground Space Technology, 50, 396-414.

Cui, L., & Fall, M. (2017). Modeling of pressure on retaining structures for underground fill mass.
Tunnelling and Underground Space Technology, 69, 94-107.

De Belie, N., Gruyaert, E., Al-Tabbaa, A., Antonaci, P., Baera, C., Bajare, D., . . . Jefferson, T.

(2018). A review of self-healing concrete for damage management of structures. Advanced

materials interfaces, 5(17), 1800074.

De Nardi, C., Cecchi, A., Ferrara, L., Benedetti, A., & Cristofori, D. (2017). Effect of age and level
of damage on the autogenous healing of lime mortars. Composites Part B: Engineering, 124,
144-157.

Deschner, F., Lothenbach, B., Winnefeld, F., & Neubauer, J. (2013). Effect of temperature on the
hydration of Portland cement blended with siliceous fly ash. Cement and Concrete Research,
52, 169-181.

Fall, M., Adrien, D., Célestin, J., Pokharel, M., & Touré¢, M. (2009). Saturated hydraulic
conductivity of cemented paste backfill. Minerals Engineering, 22(15), 1307-1317.

158



Fall, M., & Benzaazoua, M. (2005). Modeling the effect of sulphate on strength development of
paste backfill and binder mixture optimization. Cement and Concrete Research, 35(2), 301-
314.

Fall, M., Benzaazoua, M., & Ouellet, S. (2005). Experimental characterization of the influence of
tailings fineness and density on the quality of cemented paste backfill. Minerals
Engineering, 18(1), 41-44.

Fall, M., Célestin, J., Pokharel, M., & Tour¢, M. (2010). A contribution to understanding the effects
of curing temperature on the mechanical properties of mine cemented tailings backfill.
Engineering Geology, 114(3-4), 397-413.

Fall, M., & Samb, S. (2008). Pore structure of cemented tailings materials under natural or
accidental thermal loads. Materials Characterization, 59(5), 598-605.

Fang, K., & Fall, M. (2018). Effects of curing temperature on shear behaviour of cemented paste
backfill-rock interface. International Journal of Rock Mechanics and Mining Sciences, 112,
184-192.

Ferrara, L., Krelani, V., Moretti, F., Flores, M. R., & Ros, P. S. (2017). Effects of autogenous
healing on the recovery of mechanical performance of High Performance Fibre Reinforced
Cementitious Composites (HPFRCCs): Part 1. Cement and concrete composites, 83, 76-
100.

Ghirian, A., & Fall, M. (2014). Coupled thermo-hydro-mechanical-chemical behaviour of
cemented paste backfill in column experiments: Part II: Mechanical, chemical and
microstructural processes and characteristics. Engineering Geology, 170, 11-23.

Ghirian, A., & Fall, M. (2015). Coupled behavior of cemented paste backfill at early ages.
Geotechnical and Geological Engineering, 33, 1141-1166.

Khoury, G. (1992). Compressive strength of concrete at high temperatures: a reassessment.
Magazine of concrete Research, 44(161), 291-309.

Li, D, Zheng, H., Gu, K., Lang, L., Shi, S., & Chen, B. (2023). Autogenous healing mechanism of
cement-based materials. Frontiers of Structural and Civil Engineering, 17(6), 948-963.

Nasir, O., & Fall, M. (2010). Coupling binder hydration, temperature and compressive strength
development of underground cemented paste backfill at early ages. Tunnelling and
Underground Space Technology, 25(1), 9-20.

Neville, A. (2002). Autogenous healing—a concrete miracle? Concrete International, 24(11), 76-
82.

Pokharel, M., & Fall, M. (2013). Combined influence of sulphate and temperature on the saturated
hydraulic conductivity of hardened cemented paste backfill. Cement and concrete
composites, 38, 21-28.

Quan, W., & Fall, M. (2024). Investigation of Inherent Self-Healing Behaviour in Cemented Paste
Backfill. Paper presented at the 14th International Symposium on Mining with Backfill,
Minefill 2024, Vancouver, Canada.

Reinhardt, H.-W., & Jooss, M. (2003). Permeability and self-healing of cracked concrete as a
function of temperature and crack width. Cement and Concrete Research, 33(7), 981-985.

Saremi, A., & Fall, M. (2024). Self-desiccation behavior of nano-cemented tailings backfill plug:
Insights from thermo-mechanical-chemical column experiments. Journal of Materials
Research and Technology, 30, 5952-5962.

Schindler, A. K. (2004). Effect of temperature on hydration of cementitious materials. Materials
Journal, 101(1), 72-81. doi:10.14359/12990

159



Su, Y.-F., Huang, C., Jeong, H., Nantung, T., Olek, J., Baah, P., & Lu, N. (2020). Autogenous
healing performance of internal curing agent-based self-healing cementitious composite.
Cement and concrete composites, 114, 103825.

Suleiman, A., & Nehdi, M. (2021). Effect of autogenous crack self-healing on mechanical strength
recovery of cement mortar under various environmental exposure. Scientific Reports, 11(1),
7245.

Taylor, H. F. (1964). The chemistry of cements.

Vergne, J. (2000). Rules of thumb for the hard rock mining industry. Hard rock miner’s handbook.

Wu, D, Fall, M., & Cai, S. (2013). Coupling temperature, cement hydration and rheological
behaviour of fresh cemented paste backfill. Minerals Engineering, 42, 76-87.

Xiu, Z., Wang, S., Ji, Y., Wang, F., & Ren, F. (2022). Experimental study on the triaxial mechanical
behaviors of the Cemented Paste Backfill: Effect of curing time, drainage conditions and
curing temperature. Journal of Environmental Management, 301, 113828.

Yang, Y., Lepech, M. D., Yang, E.-H., & Li, V. C. (2009). Autogenous healing of engineered
cementitious composites under wet—dry cycles. Cement and Concrete Research, 39(5), 382-
390.

Yang, Y., Yang, E.-H., & Li, V. C. (2011). Autogenous healing of engineered cementitious
composites at early age. Cement and Concrete Research, 41(2), 176-183.

Yilmaz, E., Kesimal, A., & Ercidi, B. (2004). Strength development of paste backfill simples at
Long term using different binders. Paper presented at the Proceedings of 8th symposium
MineFill04, China.

160



5.4 Paper IV: Self-Healing Behaviour of Cemented Paste Backfill in Response to Various
Drainage Conditions

Published in Developments in the Built Environment, Volume 22, 100648
Weizhou Quan, Mamadou Fall

Department of Civil Engineering, University of Ottawa, Ottawa, Ontario, Canada
Abstract

Cemented paste backfill (CPB) is an innovative mine backfilling method widely used in
underground mining operations around the world. In field applications, CPB structures can
experience a range of drainage conditions, varying from undrained to fully drained states. However,
the influence of these varying drainage conditions on the self-healing behaviour and performance
of CPB remains unknown, as no studies to date have addressed this critical knowledge gap. This
study addresses this gap by evaluating the self-healing efficiency of CPB under three drainage
scenarios: full drainage, partial drainage, and no drainage. Results show that drainage conditions
significantly influence self-healing performance, with specimens under partial or full drainage
demonstrating superior crack closure and recovery of mechanical and hydraulic properties
compared to undrained specimens. These findings enhance understanding of CPB's self-healing
mechanisms and offer practical insights for improving the durability and stability of CPB structures
in mining applications.

Keywords: Cemented paste backfill; Mine; Self-healing; Tailings; Mechanical properties;
Hydraulic conductivity; Drainage condition.

5.4.1 Introduction

Mine waste (i.e., tailings), as the main byproduct of mining activities, has been enormously
produced during mining operations and mineral processing (Franks et al., 2011). Approximately
223 billion tonnes (534 billion cubic meters) of waste tailings were present in active, inactive, and
abandoned tailings storage facilities (TSFs) as of 2019, with an estimated additional 40 to 50 billion
tonnes to be generated over the next five years (World Mine Tailings Futures, 2020). The
conventional disposal methods of tailings have substantial potential to induce significant
geotechnical and environmental impacts on the communities and ecosystem, such as tailings dam
failure (Berghe et al., 2011; Deng et al., 2017), acid mine drainage (AMD) (Kalin et al., 2006;
Naidu et al., 2019), etc. The limited tailings impoundment cannot satisfy the deposition of the
significantly increasing production of waste tailings. Consequently, cemented paste backfill (CPB)
has been extensively used as an innovative technique to manage tailings from a sustainable
perspective, which recycles approximately up to 60% of produced tailings into underground
extracted stopes/voids (Ercikdi et al., 2015). The application of the CPB technique not only
supports the adjacent orebody and underground structure to secure a safe working environment but
also improves the mine productivity (Jiang et al., 2020; Kesimal et al., 2005; Yu et al., 2024). CPB
is a cementitious mixture that typically consists of dewatered tailings (70-85 wt.%), hydraulic
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binders (typically 3-7 wt.%), and processed mine/fresh water to meet certain mechanical
requirements after placement fulfilling its role of mine rehabilitation (Benzaazoua et al., 2004; Fall
et al., 2005; Haiqiang et al., 2016; Wang et al., 2024).

The fresh CPB mixture is usually prepared in a plant located at the mine ground surface and
transported to underground extracted voids by pumping and/or gravity (Belem & Benzaazoua,
2008). Thus, to meet the designed requirements of rheological properties (i.e., flowability), CPBs
are always prepared with excessive water to allow easy transportation to designated underground
cavities (Haruna & Fall, 2022; Zhao et al., 2020). A high water content (i.e., water-to-cement (w/c)
ratio of past backfills is common at 2.5-7 (Ramlochan et al., 2004) enhances the flowability of CPB
by reducing its viscosity, thereby facilitating a more fluid and manageable paste. The increased
water content lowers the internal friction between the particles within the CPB mixture (reducing
the direct contacts between particles) attributed to the lubrication effect of water around the
particles, which makes the particles easier to slide past one another (Liu et al., 2020; Simon &
Grabinsky, 2013; Zhao et al., 2020), allowing for improved flow characteristics during pumping
and distribution, and a more efficient placing process within the underground voids. However, the
elevated water content may also adversely impact the mechanical properties and long-term stability
of the cured CPB structure. Benzaazoua et al. (2004) stated that the increase in the water content
(or slump value) has a negative influence on the mechanical strength of the cemented pastefill due
to the dilution rate of the soluble species (i.e., cement dissolution) and precipitation of hydrates. It
was concluded that the behaviour of pastefill is influenced not only by the environment in which it
is placed, but also by the mixture itself, with the available water playing a critical role. Once placed
in the stope, the CPB structure is subjected to coupled thermal (T; 1.e., temperature), hydraulic (H;
1.e., suction, pore water pressure, degree of saturation, drainage), mechanical (M; i.e., stress, self-
weight load), and chemical (C; i.e., contamination dissolution, pore water and binder chemistries)
(THMC) processes (Cui & Fall, 2016; Fang et al., 2021; Ghirian & Fall, 2016). Among these, the
hydraulic conditions, such as pore water pressure, volumetric water content, and drainage, which
are directly associated with the water content, begin to evolve rapidly and have an immediate
impact on the development of CPB properties. For example, the drainage conditions of CPB
structure can be affected by various factors, such as geological conditions of the mine, groundwater
conditions, seepage, drainage pipes, barricade and permeability of CPB materials, drawpoint
locations, permeability of the rock mass surrounding the backfill, etc. (El Mkadmi et al., 2014;
Ghirian & Fall, 2016; Helinski et al., 2011). If a fresh CPB mixture contains fine tailings and high
cement content and the adjacent rock mass is not fractured, the CPB matrix may retain the water
without any drainage, representing the almost undrained conditions during its curing. In the same
way, if a fresh CPB mixture is prepared by coarse tailings and the surrounding rock mass is highly
fractured, the water would drain out at the barricade to achieve full drainage. Numerous studies
(Al-Moselly & Fall, 2024; Belem et al., 2006; Cui & Fall, 2016; Fall et al., 2005; Fang et al., 2021;
Yin et al., 2012; Zhao et al., 2020) have been conducted to investigate the effect of drainage
conditions (water content) on the mechanical and rheological properties of CPB materials. For
instance, Belem et al. (2002) conducted a series of experiments using two types of molds under
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different applied loads, including molds with a perforated bottom to favour drainage and non-
perforated molds to prevent drainage, to identify the possible causes of the differences in
mechanical strength of CPB. The primary results revealed that the UCS values of drained
specimens are higher than those of the undrained specimens. Moreover, Fang & Fall (2018) found
that the drained specimens exhibit higher shear stress at the interface between CPB and rock than
the undrained ones, and undrained specimens undergo larger contractions than the drained ones. In
addition, Zhao et al. (2020) stated that the yield stress of CPB decreases with an increase in water
content regardless of binder type. Furthermore, the water drainage directly affects the changes in
volumetric water content (VWC), pore water pressure (PWP), and matrix suction within the CPB
matrix, which are essential for initial strength development (Al-Moselly & Fall, 2024; Belem et al.,
2002; Fahey et al., 2010; Ghirian & Fall, 2016; Wang et al., 2022; Xiu et al., 2022). These
phenomena could be attributed to the settling and hardening processes occurring within the CPB
material and the removal of its excess pore water.

As a cementitious material, cracks may also be formed in CPB structures as a similar challenge
arises in other cementitious materials (i.e., concrete, mortar, engineered cementitious composites)
(Choi et al., 2017; Ohno & Ohtsu, 2010; Yildirim et al., 2015) due to internal and external factors,
such as the pressure of CPB overburden, stresses induced by the closure of rock walls adjacent to
or surrounding the CPB structures, shrinkage, loads from mining activities (i.e., machinery), early
application of load, uneven load distribution, or rock bursts. The presence of cracks will
significantly compromise the CPB structure integrity and its environmental performance. For
example, the sensitivity of CPBs to acid mine drainage (AMD) primarily depends on the reactivity
of the tailings contained in the CPB. This reactivity not only relies on the types and amount of
sulfide minerals present in the CPB, but also on the elements penetrating the CPB matrix through
the cracks, such as oxygen and water, which would facilitate the oxidation reactions, thus leading
to a loss of mechanical strength and diminishing its durability and serviceability.

Self-healing is a well-documented phenomenon in conventional cementitious materials, referring
to their inherent ability to repair cracks automatically without external intervention or diagnosis.
Generally, self-healing in these materials is achieved via two mechanisms: autogenous healing and
autonomous healing (Li & Herbert, 2012; Van Breugel, 2007). Autogenous healing primarily relies
on the delayed hydration of unhydrated cement particles within the cementitious matrix without
the intentional addition of self-healing agents (Cuenca & Ferrara, 2017). Conversely, autonomous
healing relies on external sources such as embedded or directly added healing agents, such as fibers
(Savastano & Agopyan, 1999; Wei et al., 2010), polymer-based agents (Snoeck et al., 2014; Van
Tittelboom et al., 2016), nanomaterials (Qian et al., 2010; Quercia et al., 2012), shape memory
alloys (Jefferson et al., 2010; Kuang & Ou, 2008), or bacteria (Esaker et al., 2023; Seifan et al.,
2016). Water plays a critical role in enhancing self-healing performance in both autogenous and
autonomous healing mechanisms (Termkhajornkit et al., 2009; Zhang et al., 2020). For instance,
Ozbay et al. (2013) demonstrated the effects of sustained flexural loading on the self-healing
behaviour of fly ash-incorporated ECC under continuous water, continuous air, and wet/dry cycle
exposure conditions. They found that continuous water and wet/dry cycle curing significantly
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accelerated crack healing, improved mechanical properties, and reduced permeability, with
continuous water conditions yielding the most effective healing due to further hydration. Similarly,
Roig-Flores et al. (2015) investigated self-healing in concrete with and without crystalline
admixtures under four environmental exposures: water immersion, water contact, humidity
chamber, and air exposure. Their results emphasized that water availability is critical for self-
healing in both reference and crystalline admixture concretes, with water immersion producing the
highest healing rates and achieving complete healing in some cases. In conventional cementitious
materials with low w/c ratios (e.g., 0.4-0.55), approximately 10-30% of cement particles remain
unhydrated. Upon exposure to water, the hydration process resumes, further producing cement
hydration products such as C-S-H and Ca(OH),. Water also facilitates the dissolution of Ca(OH).,
promoting the formation of calcium carbonate, which contributes to crack filling, pore refinement,
and matrix densification (Han et al., 2015; Sahmaran et al., 2015). In the same way, water content
significantly impacts autonomous healing. For example, Esaker et al. (2024) examined the
autonomous healing performance of a bacteria-based mortar embedded in clay soil under varying
water saturation regimes. The findings revealed that fully saturated clay soil conditions enhanced
healing performance, as higher water content not only facilitated calcium carbonate precipitation
via bacterial metabolism but also supported autogenous healing through the hydration of
unhydrated cement particles. Consistent results have been observed for bacteria-based cementitious
materials under full water submersion or wet-dry cycles (Hamza et al., 2024; Luo et al., 2015;
Zhang et al., 2017).

In contrast, CPB mixtures feature much higher w/c ratios, lower cement content, and finer particle
size distributions, making them significantly different from conventional cementitious materials.
These differences indicate that self-healing behaviours observed in conventional cementitious
materials cannot be directly applied to CPB. Despite the importance of self-healing in extending
the durability of CPB, research in this area remains sparse, with only a few studies addressing CPB
self-healing behaviour (Quan & Fall, 2024; Xiang et al., 2023a; Xiang et al., 2023b). Furthermore,
the influence of drainage conditions (water content) on the autogenous healing capacity of CPB
has not been investigated to date. Therefore, this study experimentally investigates the effects of
drainage conditions on the autogenous healing capacity and behaviour of CPB material to enhance
the comprehensive understanding of the self-healing behaviour of CPB.

5.4.2 Materials and Experimental Program

5.4.2.1 Materials

Tailings

Synthetic silica tailings (ST, primarily composed of S102-99.8%, Al03-0.05%, and Fe203-0.035%)
were the main constituents used to prepare the CPB mixtures in this experimental program. Its
chemically inert property eliminates the uncertainties induced by the uncontrollable variations of
the mineralogical compositions in natural tailings and the reactivity of some minerals. Figure 5-26
depicts the comparable particle size distribution of STs to the average of nine natural tailings (NT)
samples from eastern Canadian mines. Approximately 43% of the particles in ST have sizes finer
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than 20 um, categorizing them as medium tailings. The use of STs could correlate the results of the
experimental work with the actual Canadian mining scenario. Additionally, the physical properties
of STs and the average of nine types of Canadian tailings are shown in Table 5-9.

Binder and mixing water

Portland cement Type I (PCI), the most used cement in the mining industry, was used as the
hydraulic binder to prepare CPB specimens. The physical and chemical compositions of the PCI
are listed in Table 5-10. Additionally, tap water was utilized to mix with the tailings and binder to
prepare the CPB mixture.

100
dgos1y=88.9 pm
dgoy=103.5 pm
80 1 dy5s7y=48.3 pm
- d75ery=48.3 pm
=
S
=
g 60 4
g dsg(s7y=22.5 pm
) dspory=19.3 pm
>
5 40
E
=
=
o
20
digsn=1.9 pm ST
dipmy=2.6 pm -+ NT
0 ————————onep T T T
0.01 0.1 1 10 100 1000

Particle diameter (um)

Figure 5-26. Particle size distribution of the used STs along with an average of nine NTs in
eastern Canada.

Table 5-9. Physical properties of the used STs and the average of nine NTs in eastern Canada.

Dio Dso Dso Dso

Element Gs Cu Ce
(um)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

Nine NT average - 1.8 9.1 20.0 30.8 17.1 1.7

(Gs: specific gravity; Cy: coefficient of uniformity; Ce: coefficient of curvature)
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Table 5-10. Characteristic of the used binder PCI.

MgO CaO Si02 ALOs  Fex03 SOs SSA
(Wt.%) (m%g)
PCI 2.65 68.82 18.03 4.53 2.70 3.82 1.30 3.10

RD: relative density; SSA: specific surface area.

Binder type R.D.

5.4.2.2 Specimen preparation and initial curing

The design of CPB specimens in this study is presented in Table 5-11. To prepare the fresh CPB
mixture in this study, specific quantities of silica tailings and PCI were weighed and blended in a
mechanical mixer for an initial 1-minute dry mixing to ensure uniform distribution of the solid
particles. A fixed mix proportion of 4.5 wt.% binder (PCI) by the total weight of solids was adopted.
Subsequently, the pre-determined amount of water, calculated based on a constant w/c ratio of 7.35
by weight, was added to the dry mix of tailings and PCI. The mechanical mixing then continued
for an additional 7 minutes of wet mixing to achieve a homogeneous CPB mixture. A slump value
of 18 cm was determined for the fresh CPB mixture in accordance with ASTM C143 (ASTM, 2020)
to ascertain the workability of the prepared CPB materials. This slump value is commonly used in
Canadian mine backfill practices and plants. In the field, the drainage conditions of the CPB
structure are between full drainage and no drainage, i.e., the CPB mass is partially drained in many
field cases. Therefore, three conditions, including full drainage (FD), half drainage (HD), and no
drainage (ND), are adopted in this study to incorporate the different drainage conditions,
representing the downward axial water drainage. To prepare specimens with the predetermined
three different drainage conditions, cylindrical molds (©50x100 mm) with perforated bottoms
were used to allow the water to bleed from the curing molds for the achievement of fully drained
and half-drained specimens casting, while the undrained specimens were prepared in the non-
perforated plastic molds to prevent drainage. The drainage water was collected through the funnel
below, which connected to the beaker, as illustrated in Figure 5-27. The top of the molds was lid-
sealed to prevent water evaporation during the drainage process. According to the pilot testing,
approximately 9.8 g of water would drain out from the specimens with full drainage condition
when reaching the equilibrium. In this way, the specimens with half drainage were cast under the
control of around 4.9 g drainage water. Once the drainage process was completed, the bottom of
the molds would be sealed with waterproof silicone sealant to prevent the drainage of extra water
from the specimens. Then, the drained and undrained specimens underwent an initial curing (IC)
period of 7 days under ambient conditions prior to crack initiation. Note that full drainage does not
signify the complete dissipation of pore water pressure (PWP) within the CPB matrix. It refers to
the situation where the maximum amount of water has been allowed to drain from the specimen
via the perforated bottom of molds.

5.4.2.3 Crack initiation and exposure condition

The CPB specimens were pre-cracked under uniaxial compression loading to introduce cracks of
varying numbers and widths to monitor the self-healing behaviour of CPB specimens subjected to
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different drainage conditions. To achieve similar pre-damage with constant pre-cracking levels, the

initial compressive strength of CPB specimens was determined after the initial curing (IC) phase

of 7 days through the uniaxial compressive strength (UCS) tests as per ASTM C39 (ASTM, 2021).

In this study, the CPB specimens were subjected to specific pre-cracking levels of 0%, 75%, or 90%

(i.e., PC0%, PC75%, or PC90%, respectively) of their respective initial UCS value during the pre-

peak phase, making the pre-cracks introduced in CPB specimens in a controlled manner. These

pre-cracking levels were determined based on previous studies (Fall et al., 2009; Quan & Fall, 2024)
and to simulate varying degrees of compression-induced damage in a practical CPB structure. Note

that the specimens subjected to the pre-cracking level of PC0% serve as control specimens with no

cracks introduced in this study. When reaching the designated loading thresholds, the applied load

was maintained for one minute before being released to allow the generation and propagation of
the cracks in CPB specimens. The UCS experiments and pre-cracking process were conducted

utilizing a computer-controlled mechanical press (MTS 10/GL) with a normal load of 50 kN and a

displacement rate of 1 mm/min under displacement control. Upon unloading, crack characteristics

were conducted using a digital microscope with a maximum magnification of 200% to capture the

initial cracks before any self-healing performance. After this step, the pre-cracked specimens were

encapsulated using plastic films and stored in ambient conditions (23+2°C) along with uncracked

(control) specimens for a self-healing curing phase. This isolated self-healing environment aimed
to exclude the external impacts and to facilitate the examination of the self-healing capability of
CPB materials in relation to drainage conditions. The overall program for mechanical testing and

self-healing period is shown in Table 5-11. Note that the pre-cracking day is named Day 0,

representing the self-healing start day, followed by Day 7, Day 28, and Day 90, representing the

early self-healing periods of 7 and 28 days, and the advanced self-healing period of 90 days,

respectively.
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Figure 5-27. Schematic diagram of the experimental setup representing different drainage
conditions of CPB specimens.
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Table 5-11. Summary of experimental program for each testing batch of CPB specimens.

Group Binder content w/c  Initial curing  Drainage  Pre-cracking level  Self-healing Period
nomenclature (wWt.%) ratio (day) condition (%) (day)
7
0, 75%, and 90% of
FD 4.50 7.35 7 Full 5 és Afier 1 c/ 53
0, 75%, and 90% of !
, ,an 0
HD 4.50 7.35 7 Half UCS after IC. ;3
7

0, 75%, and 90% of
ND 4.50 7.35 7 No UCS after IC. 5(8;

*FD, HD, and ND indicate specimens with drainage conditions of full, half, and no drainage,
respectively.

5.4.2.4 Self-healing evaluation methods

Crack characteristics

The surface pre-cracks in CPB specimens were observed using the digital microscope after each
specific predetermined self-healing period of 7, 28, and 90 days, which provided a direct approach
to visually monitor the self-healing behaviour. The cracks that have the self-healing behaviour were
analyzed from the narrowest to the widest points to quantitatively measure the self-healing effect
on crack closure.

Mechanical property investigation

To evaluate the self-healing efficiency in terms of mechanical strength recovery, UCS tests were
conducted to measure the compressive strength of the CPB specimens at specific self-healing
periods based on ASTM C39/C39M-21 (ASTM, 2021). On Day 0 (the pre-cracking day), the initial
strengths (denoted as Spre-cracked) Of the pre-cracked specimens, subjected to pre-cracking levels of
PC75% and PC90%, were measured immediately after the pre-cracking process (prior to the onset
of self-healing). Following self-healing periods of Day 7, Day 28, and Day 90, UCS tests were
performed on the healed pre-cracked specimens to assess the progression of strength recovery over
time (Shealed). Additionally, the strengths of reference control specimens (PC0%: Scontrol) Were
measured alongside the pre-cracked specimens at the same self-healing periods as aforementioned.
To quantitatively assess strength recovery, the compressive strengths of the pre-cracked or healed
pre-cracked specimens were compared to those of the control specimens, with the relative changes
in compressive strength (CCS) calculated as follows:

CCS (%): Spre-cracked/healed - Scontrol (5_8)

Scontrol
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where Spre-cracked/meatea 1S the UCS of the pre-cracked specimens before or after a self-healing period,
and Sconnror 1s the UCS of uncracked control specimens subjected to the same self-healing condition
and period.

The calculated CCS value for each self-healing condition was averaged by at least triplicate CPB
specimens to ensure the repeatability of the results. A computer data acquisition system was used
to maintain a constant deformation rate of 1 mm/min.

Hydraulic property investigation

To determine whether mechanical pre-damage affects the conductivity and how much self-healing
occurred in terms of permeability within the CPB matrix, saturated hydraulic conductivity (k) tests
were conducted on both pre-cracked and uncracked CPB specimens before and after healing
periods. These tests used a triaxial cell with a flexible wall technique according to ASTM 5084-
16a (ASTM, 2016) to determine their coefficients of permeability or hydraulic conductivity. The
saturated hydraulic conductivity, k., was calculated as follows:

AQ-L
St AT A (5-9)

where k represents the hydraulic conductivity, cm/s; A4Q denotes the quantity of flow during a
certain time interval At, calculated as the average of inflow and outflow, cm?; L signifies the length
of the specimen, cm; 4 represents the cross-sectional area of the specimen, cm?; At is the time
interval, s; and Ak corresponds to the average head loss of across the specimen, cm of water.

Then, the hydraulic conductivity recovery ratio (HCRR) can be determined by the following
formula:

HCRR (%) = % x100% (5-10)
0

where ko is the initial hydraulic conductivity, cm/s, measured after pre-cracking; k; is the hydraulic
conductivity, cm/s, measured after specified self-healing period.

Microstructural analysis
After the studied self-healing periods, the self-healing effect on microstructural change and
ultimate self-healing products were further analyzed using the following methods:

o X-ray diffraction (XRD) analysis was used to chemically analyze the compositions of self-
healing products in the cracks of CPB specimens. The XRD analysis was performed by
Bruker D8 Endeavor equipped with a 1 kW sealed tube Cu Kalpha source (40 kV and 25
mA) and a Lynxeye XE-T 1-D silicon strip detector.

o Thermal analyses (TG/DTG) offered insights into the binder hydration of specimens under
varying drainage conditions, as well as the differences between healed pre-cracked and
control specimens. TG/DTG analysis was conducted using a TA Discovery SDT 650
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thermal analyzer, applying a heating ramp of 10°C/minute from room temperature up to
1000°C in a nitrogen atmosphere.

e Mercury intrusion porosimetry (MIP) test evaluated the pore size distribution in CPB
specimens subjected to different drainage conditions. MIP measurements were performed
using a Micromeretics AutoPore II1 9420 mercury porosimeter.

o Furthermore, the physical properties, including porosity and void ratio of the studied pre-
cracked and control specimens, were monitored over the self-healing periods through
specific gravity tests in accordance with ASTM D854 (ASTM, 2023). The overall porosity
(n) 1s calculated based on the formula: n=1-(ya/ys), where yq is the dry density, and y; is the
particle density. Then, the void ratio (e) is derived from the porosity using the equation:
e=n/(1-n).

Volumetric water content monitoring

To better understand how water drainage and curing time influence cement hydration within the
CPB matrix, the volumetric water content (VWC) was monitored using a 5STE soil moisture sensor
for up to 15 days. CPB mixtures were prepared under three drainage conditions (i.e., FD, HD, and
ND) and poured into cylindrical plastic molds. The sensor was inserted at the center of the mold to
avoid boundary disturbances. Data from the sensor were recorded using an EM50 data logger. The
STE sensor is capable of measuring VWC in the 0-80% range, with an accuracy of £0.01 between
1% and 40%, and +£0.15 between 40% and 80%. These results can help explain the progression and
intensity of cement hydration, as well as the rheological properties and self-desiccation behaviour
influenced by the drainage conditions.

5.4.3 Results and Discussions

5.4.3.1 Recovery of mechanical property through self-healing

Strength development of uncracked control specimens

The influence of different drainage conditions (i.e., full drainage, half drainage, and no drainage)
on the mechanical strength development of control CPB specimens is illustrated in Figure 5-28.
From this figure, it is observed that the control CPB specimens with full drainage produce
consistently higher compressive strengths than those with half drainage and no drainage conditions,
regardless of self-healing periods. Specifically, the control CPB specimens with full drainage
demonstrate 47.2%, 43.5%, 26.1%, and 29.5% higher UCS values than the specimens with no
drainage, and 22.5%, 30.3%, 17.2%, and 15.5% higher UCS values than the ones with half drainage,
at the self-healing period of 0, 7, 28, and 90 days, respectively. It is obviously noted that the
drainage process significantly contributes to the compressive strength development. This
noticeable strength improvement is related to the coupled effects of drainage water, one-
dimensional consolidation, and cement hydration (Yilmaz et al., 2014). The drainage of excess
water results in a lower w/c ratio within the CPB matrix, which favours the cement hydration and
contributes to enhanced mechanical properties (Bentz et al., 2009; Fall et al., 2008). Additionally,
the specimens with drainage conditions would develop higher effective stresses during the curing
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process due to the dissipation of excess PWP (Ghirian & Fall, 2016). This performance, in turn,
enhances the binding between the particles of tailings and hydration products. Furthermore, the
drainage would consolidate the CPB pore structure, leading to a reduction in the porosity and void
ratio of the CPB matrix. This argument is supported by the results of porosity and void ratio tests
performed on the control CPB specimens with different drainage conditions, as presented in Figure
5-29. The figure shows an evident decrease in porosity and void ratio of control CPB specimens
with the enhancement of the drainage condition, resulting in a denser CPB matrix. As the hydration
reaction continues, the produced hydration products would precipitate in the available voids and
capillary pores, thus further refining the pore structure and contributing to the strength development.
This argument agrees well with the results of MIP tests performed on control CPB specimens with
full and half drainage conditions after the self-healing period of 7 (D7) and 28 days (D28) in Figure
5-30, where the full drainage delivers a finer microstructure and decreased threshold pore diameter
at the same self-healing period.
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Figure 5-28. Compressive strength development of control CPB specimens with different
drainage conditions against elongated healing periods.
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Compressive strength recovery and improvement by self-healing

Figure 5-31 represents the mechanical strength variations of pre-cracked CPB specimens compared
to the uncracked control ones against the self-healing period up to 90 days when subjected to three
drainage conditions (i.e., (a) no drainage, (b) half drainage, and (c) full drainage), underscoring the
significant influence of drainage condition on both the evolution of strength in pre-cracked CPBs
and the subsequent recovery of mechanical strength. The detailed recovery of compressive strength
of pre-cracked specimens is quantified by means of the index CCS, which is defined and calculated
as in Eq. 5-8. Generally, it can be seen that the compressive strengths of all pre-cracked CPB
specimens gradually recover and improve under all drainage conditions as the self-healing
progresses.

Undrained condition (no drainage)

The experimental findings of self-healing efficiency in the CPB specimens with no drainage are
illustrated in Figure 5-31a. It is noticed in Figure 5-31a that the pre-cracked specimens with no
drainage recover to a comparable and even higher compressive strength as the uncracked control
specimens after the self-healing periods of 28 days (D28) with the CCS value up to 6.0% of the
PC90% pre-cracked specimens. According to the previous work (Quan & Fall, 2024), two
mechanisms, including i) continuous hydration of unhydrated cement particles and ii) carbonation
of calcium hydroxide CH, significantly contribute to the observed self-healing behaviour in
strength recovery. The produced self-healing products fill into the available microcracks, voids and
pores to enhance the binding force between particles and decrease the internal porosity, thus
refining the pore structure and restoring the mechanical strength. This argument is supported by
the results of XRD analysis as depicted in Figure 5-32, which reveal the absence of dicalcium
silicate (C»S), tricalcium silicate (C3S), and CH after the self-healing period of 90 days (D90),
indicating the contribution of continuous hydration of unhydrated cement particles in the studied
CPB specimens. However, in contrast to the previous study (Quan & Fall, 2024), the pre-cracked
specimens healed at the ambient condition can usually achieve a similar self-healing performance
after the self-healing period of 7 days. This slight delay of self-healing in this study can be
attributed to the higher water content in the CPB specimens with no drainage, which decelerates
the cement hydration due to the dissolution reactions (Benzaazoua et al., 2004). Excess water
increases the water-to-cement (w/c) ratio in CPB, diluting the cement particles and reducing the
concentration of calcium and hydroxyl ions in the pore solution. This slows down the formation of
hydration products such as calcium silicate hydrate (C-S-H) and calcium hydroxide (CH), which
are essential for strength development (Fall et al., 2009). In addition, the presence of excess water
reduces the surface energy of the hydration products and weakens the van der Waals bonding
among them (Yang et al., 2011), which could delay the precipitation of hydration products and
hinder the structural integrity at the early self-healing period. However, as the self-healing
progresses to 90 days (D90), the improved strength recovery is obtained in the PC90% pre-cracked
specimens with the CCS value of 15.1%, which is even higher than that of PC75% pre-cracked
specimens. This prominent increment in strength is not only ascribed to the continuous hydration
of unhydrated cement particles, but also to the initially generated cracks that provide the pathways
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allowing COz to penetrate the CPB matrix favouring the carbonation of CH. The produced extra
amount of calcite CaCOs, in turn, contributes to self-healing behaviour and strength recovery. The
thermal analysis results shown in Figure 5-33 can substantiate this argument. This figure reveals
three distinct weight loss patterns: 1) the loss of free water and dehydration of hydrates such as C-
S-H and ettringite in the temperature range of 50°C-200°C; ii) the dihydroxylation of Ca(OH)»
between 400°C and 580°C; and ii1) the decomposition of CaCOs3 between 600°C and 750°C (e.g.,
Bhatty, 1991; Fall et al., 2010; Pane and Hansen, 2005). It is evident that the weight loss between
600°C and 750°C, which corresponds to the decarbonization of calcite (e.g., Taylor, 1964; Bhatty,
1991; Sha et al., 1999; Pane and Hansen, 2005; Fall et al., 2010), becomes more pronounced in the
healed pre-cracked specimens after the self-healing period of 90 days (D90), indicating the
existence of the additional amount of calcite in the healed pre-cracked specimens. Moreover, the
high water content in CPB materials benefits the carbonation reactions as well since adequate
moisture is required for the dissolution of CO; to form carbonic acid (H2COs3), which then reacts
with calcium ions (Ca*") to produce CaCO; (Yildirim et al., 2018).
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Figure 5-31. Evolution of the UCS and CCS of the studied CPB specimens under different
drainage condition of (a) no drainage, (b) half drainage, and (c) full drainage over the self-healing
period (D0, D7, D28, and D90: 0, 7, 28 and 90 days of the self-healing period, respectively).
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Drained conditions (half drainage and full drainage)

The effect of drainage conditions (i.e., half drainage and full drainage) on the self-healing
efficiency of CPB specimens in strength recovery and development are presented in Figure 5-31b
and Figure 5-31c, respectively. It is observed that the drained CPB specimens exhibit an enhanced
self-healing efficiency compared to those with no drainage (Figure 5-31a). Specifically, the pre-
cracked specimens with half or full drainage can recover to equivalent or improved UCS values
within the self-healing period of 7 days (D7), demonstrating a faster self-healing rate compared to
those with no drainage. In addition, the increased CCS values are observed in the PC90% pre-
cracked specimens with half drainage at the self-healing period of 28 (D28) and 90 days (D90),
with CCS values of 11.1% and 19.0%, respectively. Furthermore, noticeable CCS values up to 17.6%
and 25.8% are achieved in the PC90% pre-cracked specimens with full drainage at the self-healing
period of 28 (D28) and 90 days (D90), respectively.
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Figure 5-32. Comparison of XRD patterns of control and pre-cracked CPB specimens under
different drainage conditions and self-healing periods.

This increased self-healing efficiency in strength recovery is governed by the improved cement
hydration and precipitation reaction due to the water drainage, which contributes to the hardening
processes within the CPB matrix. In the CPB design, besides the water for cement hydration,
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additional water would be added to the mixture to reach the desired consistency, satisfying the
pumpability and workability requirements (Benzaazoua et al., 2004). When subjected to drainage
conditions, the bleeding of excess water from the fresh CPB mixtures leads to a faster settlement
of suspended solids and denser packing of the CPB matrix under the action of self-desiccation,
resulting in decreased porosity and void ratio. Figure 5-29 experimentally demonstrated this pore
refinement, which shows the results of the porosity and void ratio tests on the control specimens at
the self-healing period of DO. The figures show that the control CPB specimens with full drainage
and half drainage have comparatively lower porosities compared to those with no drainage due to
the refinement of their pore structures. Similar benefits of excess water loss on self-healing
performance in strength recovery have also been demonstrated in strain-hardening cementitious
composites by Sisomphon et al. (2013), where the water/dry cycle exposure condition resulted in
better healing performance compared to submersion in refreshed tap water or tap water. It was
suggested that during the drying phase, the evaporation of excess water increased ion concentration
within cracks, provided that sufficient water remained in the matrix for reactant interactions,
thereby promoting chemical reactions, precipitation, and further hydration. In addition, higher
effective stress would develop within the CPB matrix due to the drainage process, which also
contributes to the consolidation of the CPB specimens with drainage, thus reducing the volume of
voids and pores and enhancing particle interlocking and bonding (Ghirian & Fall, 2016;
Matusinovic et al., 2003; Yilmaz et al., 2014). After the settlement of solids, the continuous cement
hydration consuming the water in the pore spaces will decrease the PWP, leading to the negative
PWP inside the CPB specimen and an increase in the effective stress (6’=c-PWP, where ¢’ is the
effective stress and o is the total stress). The solids within the CPB are crowdedly distributed
because of the effective stress (Yilmaz et al., 2009). As the hydration products (i.e., C-S-H, CH,
ettringite, and gypsum) continuously generate and precipitate in the microcracks and capillary
voids, the bonding between the tailings and cement hydrates would be further enhanced, which
obviously results in an improved strength recovery in the pre-cracked specimens with drainage
after the self-healing process. This porosity reduction or densification is supported by the MIP
results presented in Figure 5-30, which shows that CPB specimens with full drainage exhibit a finer
pore structure and lower porosity than those with half drainage. This argument is also consistent
with the previous findings that higher effective stress enhances the cement curing process,
contributing to the development of mechanical strength in porous media (Ahnberg, 2007; Helinski
et al., 2011; Rotta et al., 2003). Furthermore, the water drainage results in a lower water content or
w/c ratio within the CPB matrix, favouring the cement hydration and precipitation of hydration
products. This reduction in water content due to the drainage condition is experimentally supported
by the monitoring results of the evolution of VWC, as displayed in Figure 5-34. It can be observed
that the VWC climbs up to reach the peak values rapidly regardless of the drainage conditions. This
sharp increase in VWC is associated with the formation of voids between the VWC sensor and the
CPB mixtures, which are initially filled with water, maintaining the matrix saturated due to the
high w/c ratio (7.35) used in the preparation of CPB. Subsequently, a significant decrease is
observed around 3.7 hours after casting for the specimens with full drainage and around 6 hours
for those with no drainage. This time difference indicates the variations in water movement and
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consumption within the CPB mixture due to different drainage conditions. The decrease in VWC
is directly related to water consumption through the process of cement hydration (self-desiccation),
which is the main factor in specimens without drainage. In contrast, for specimens with drainage,
the reduction in VWC is caused by a combination of self-desiccation and water removal through
drainage (Al-Moselly & Fall, 2024). During the drainage process, the decreasing water content in
the drained specimen results in a denser packing of the particles, leading to the CPB matrix with a
reduced overall porosity. In addition, the reduced void volume gives rise to a higher concentration
of cement particles, which provides a more specific surface area for hydration reactions, resulting
in a faster rate of cement hydration and strength achievement within the specimens with drainage.
As hydration products precipitate on the surface of unhydrated cement particles and gradually
accommodate the voids, the permeability of CPB is significantly reduced. This reduction delays
water transportation and diffusion into the unhydrated cement particles, consequently slowing the
rate of water consumption for cement hydration (Cui & Fall, 2020; Helinski et al., 2011). Over
time, the VWC value decreases and approaches an asymptote as curing progresses. As a result, the
specimens with full drainage conditions exhibit the most pronounced decrease in VWC among the
three drainage conditions.

In light of the aforementioned contributors, the pre-cracked specimens with full drainage exhibit
the most pronounced self-healing ability among the three studied drainage conditions. For a given
pre-cracking level, comparatively less volume of cracks and voids in pre-cracked CPB specimens
with drainage need to be healed than those without drainage during the self-healing process due to
the denser packing of the CPB matrix. Hence, this refinement of pore structure combined with the
accelerated cement hydration contributes to the notable self-healing behaviour of the pre-cracked
specimens with drainage over the studied self-healing period. This increase in self-healing
efficiency improves with enhanced drainage conditions. The thermal analysis results performed on
the PC90% pre-cracked specimens with full drainage and half drainage after the self-healing period
of 90 days (D90), are presented in Figure 5-33 to support this capability. It can be seen that more
hydration products are formed in the CPB specimens with full drainage than in those with half
drainage. In addition to that, this performance is consistent with the results of the MIP tests
presented in Figure 5-30, which indicate that CPB specimens with full drainage have a finer pore
structure and lower porosity with respect to those with half drainage. Overall, the studied drainage
conditions (water loss) enhance the strength recovery of pre-cracked CPB specimens.

In contrast to most studies on cementitious materials such as concrete, mortar, and ECC, where
sustained water availability significantly promotes continued hydration and enhances the
autogenous healing process due to their high cement content and relatively low w/c ratio (Ozbay
et al., 2013; Termkhajornkit et al., 2009; Zhang et al., 2020; Roig-Flores et al., 2015), CPB
materials benefit from a different condition for autogenous healing. In CPB, the favorable condition
is not prolonged water retention, but rather the controlled loss of excess water. The fresh CPB
slurry is in a supersaturated state immediately after mixing due to the additional water added to
optimize flowability, and remains nearly fully saturated during the initial stage of cement hydration
(Wang et al., 2022). The loss of excess water during early curing stages could accelerate the cement
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hydration as aforementioned, thereby promoting self-healing behaviour. While water plays a key
role in autogenous healing in both CPB and conventional cementitious materials, the underlying
mechanism differs: CPB benefits from a balance between initial saturation and subsequent
controlled water loss, whereas traditional cementitious materials rely on sustained water
availability for optimal healing performance.
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Figure 5-33. TG/DTG comparison of (a) control specimens cured at different drainage conditions
after a self-healing period of 90 days, and (b) control and PC90% pre-cracked specimens with
full drainage after a self-healing period of 90 days.
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Figure 5-34. Changes in volumetric water content of control CPB specimens under different
drainage conditions.

5.4.3.2 Analysis of hydraulic property changes through self-healing

Saturated hydraulic conductivity tests were conducted to determine how the three drainage
conditions (i.e., no drainage, half drainage, and full drainage) and pre-cracking levels (i.e., PC0%,
PC75%, and PC90%) affect the evolution of permeability in pre-cracked and self-healed CPB
specimens over the self-healing period as illustrated in Figure 5-35. The values on the second y-
axis show the hydraulic conductivity recovery ratio (HCRR) index of the pre-cracked specimens
after self-healing compared to the control specimens by means of Eq. 5-10. Figure 5-35 illustrates
that the pre-cracked specimens exhibit higher hydraulic conductivities compared to the control
specimens following the pre-cracking process at the self-healing period of DO irrespective of the
drainage conditions. This increase in permeability is attributed to the generation and propagation
of interconnected microcrack networks within the CPB specimens (Fall et al., 2009). As the pre-
cracking level increases and approaches the peak stress region, some microcracks expand and
coalesce to form macrocracks, further exacerbating the permeability (He et al., 2021; Sun et al.,
2017). Moreover, as the self-healing progresses, it is observed that the pre-cracked specimens
subjected to the studied three drainage conditions can recover their hydraulic conductivity to
certain degrees after self-healing process despite the fact that the hydraulic conductivity was
initially increased due to the pre-cracking.

Figure 5-35a reveals a continuous recovery performance in hydraulic conductivity of the pre-
cracked specimens with no drainage. For example, it is clearly seen that the PC90% pre-cracked
specimens exhibit an HCRR value from 28.2% to 78.3% over the self-healing period from 7 days
(D7) to 90 days (D90). The observed reduction in permeability due to self-healing is attributed to
the continuous hydration of unhydrated cement particles and the carbonation of Ca(OH),, which
generate self-healing products such as C-S-H, CaCOs3, and CH (Quan & Fall, 2024). These products
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precipitate within cracks and capillary voids, effectively sealing internal pathways and altering the
pore structure of the CPB matrix, thereby significantly reducing hydraulic conductivity. In the same
way, the pre-cracked specimens with half drainage and full drainage manifest a similar but
enhanced self-healing efficiency in hydraulic conductivity, with the HCRR values ascending to
84.9% and 91.3%, as illustrated in Figure 5-35b and Figure 5-35c, respectively. The improved self-
healing efficiency is associated with the effect of water drainage, as previously discussed. The
densification as a result of water drainage leads to a reduced volume of voids and pores within the
CPB matrix. This pore structure refinement is supported by the results of porosity and void ratio
tests of the CPB specimens shown in Figure 5-29, where the drainage condition delivers a denser
microstructure with lower porosity and void ratio. Furthermore, the reduction in water content due
to drainage facilitates cement hydration by minimizing excessive cement dissolution. This leads to
increased production and precipitation of hydration products within microcracks and capillary
pores, thereby refining the pore structure of the pre-cracked specimens as self-healing progresses.
The removal of excess water through drainage effectively lowers the water-to-cement ratio,
resulting in a higher concentration of cement particles in the remaining pore solution. This
promotes closer contact between cement grains, enhancing the hydration process. The increased
proximity of cement particles allows for improved interaction between unhydrated cement grains
and water molecules, leading to a faster hydration reaction and more efficient formation of
hydration products such as calcium silicate hydrates (C-S-H). This observation is consistent with
the XRD analysis of the ND-D0-PC0%, HD-D0-PC0%, and FD-D0-PC0% specimens, which
exhibit a progressively higher degree of cement hydration, as shown in Figure 5-29. Notably,
specimens subjected to full drainage and half drainage display higher intensities of CH and C-S-H,
indicating a greater extent of cement hydration compared to those without drainage. Thus, the
higher amount of self-healing products in the pre-cracked specimens with drainage achieves a
faster reduction in hydraulic conductivity than those with no drainage given the same self-healing
period. Furthermore, it is noted in Figure 5-35b and Figure 5-35c that the self-healing efficiency in
permeability is more conspicuous in the specimens with full drainage compared to those with half
drainage, indicating that self-healing is improved as the drainage condition enhances. This is
because of the phenomenon of higher hydration degree in the specimens with full drainage, as the
results of thermal analysis revealed in Figure 5-33. In this figure, the CPB specimen with full
drainage clearly shows the most significant weight loss in the first and second range than those
with half drainage, indicating that more cement hydration products are generated to fill in the cracks
and voids to refine the pore structure, decreasing the hydraulic conductivity. Moreover, the
aforementioned more pronounced refinement of pore structure in the specimens with full drainage
is also evidenced by the results of MIP tests in Figure 5-30, which depicts the two drainage
conditions induced changes in incremental intrusion and the cumulative pore volume of the CPB
at the same self-healing period of 28 days (D28). It can be noticed that the CPB specimens exhibit
lower threshold pore diameter, representing the range of higher proportions of pore diameters, and
cumulative pore volume as the enhancement of drainage condition. For instance, the threshold pore
diameter of the specimens with full drainage is 1.08 pm, while that of the specimen with half
drainage is 1.32 um, denoting a more refined pore structure in the specimens with full drainage.
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Given that, the full drainage condition stands as the most favourable condition for the self-healing
performance in this study.

What’s more, it is worth noting that the hydraulic conductivity of the pre-cracked specimens cannot

achieve a complete recovery (i.e., HCRR of 100%) as the equivalent ksa as the control specimens

after the studied self-healing period, indicating that the self-healing capacity is limited. This is due

to the high pre-cracking level (i.e., PC90%) causing the macrocracks (cracks with large crack width)
within the CPB matrix, which cannot be completely healed and significantly impacts the

permeability performance of the CPB structure. This argument will be discussed in the subsequent

section.
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Figure 5-35. Changes of hydraulic conductivity and HCRR of the studied CPB specimens under
different drainage conditions of (a) no drainage, (b) half drainage, and (c) full drainage over the
self-healing period (D0, D7, D28, and D90: 0, 7, 28 and 90 days of the self-healing period,

respectively).

5.4.3.3 Characteristics of self-healed cracks

Crack characteristics of the CPB specimens with different drainage conditions were investigated
before being exposed to self-healing and after the self-healing period of 7, 28, and 90 days. In the
current study, the measurement of crack width closure is conducted as a direct assessment of self-
healing under the studied conditioning regime as a result of the significant variations in crack width
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via compressive loading. The typical observation for cracks before and after self-healing is shown
in Figure 5-36. From this figure, it can be observed that there are abundant white crystal-like self-
healing products produced along the crack lines, contributing to the complete healing of crack
closure. Moreover, partial healing and no healing of crack scenarios are also detected on account
of the large crack width and the limitation of autogenous healing in the pre-cracked CPB specimens.
As demonstrated in the previous study (Quan & Fall, 2024), the substances C-S-H, CaCOs, and
Ca(OH), from the continuous cement hydration products in conjunction with the carbonation of
CH, consist of the self-healing products inside the cracks of the CPB specimens. This is also
supported by the results of XRD analysis performed on the self-healing products scratched from
the healed pre-cracked specimens with full drainage in this study, as shown in Figure 5-37.
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Figure 5-36. Typical observations of crack closure (complete healing) in CPB specimens
subjected to different drainage conditions and self-healing periods.
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The crack widths of completely healed cracks from all studied specimens over the self-healing
period to 90 days were measured and plotted in Figure 5-38 as a quantitative evaluation to compare
the effects of drainage conditions on the self-healing ability in crack closure. It can be seen that full
drainage exhibits the most favourable drainage condition for self-healing in crack closure, followed
by half drainage and no drainage, irrespective of the self-healing periods. For instance, crack widths
up to 119.3, 94.9, and 88.7 um can be completely healed in the pre-cracked specimens with full
drainage, half drainage, and no drainage, respectively, after the self-healing period of 90 days. In
light of the comparatively lower volume of cracks and voids in pre-cracked CPB specimens with
full drainage, these specimens demonstrate the most promising self-healing efficiency in crack
closure. This performance aligns with the results of the recovery of mechanical and hydraulic
properties, as previously discussed. In addition, as expected, the average healed crack widths
increase over the progress of the self-healing period. The average of healed crack widths is lower
in all conditions after the self-healing period of 7 days (D7), while significant improvements are
observed after the self-healing period of 28 (D28) and 90 days (D90). It is manifested by the results
of XRD analysis in Figure 5-32, which reveal that both specimens with full drainage and no
drainage demonstrate continuous cement hydration from the self-healing period DO to D90, aiding
in the crack closure over time. Furthermore, the overlaid normal distribution curves show that the
healed crack width values generally follow a normal distribution. The points in these groups align
well with the bell-shaped normal curve, which suggests a balanced and expected distribution of
healed crack widths over time.
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Figure 5-37. XRD patterns of self-healing products collected from pre-cracked CPB specimens
after 90 days self-healing period.
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Figure 5-38. Distribution of completely healed crack widths under the drainage condition of (a)

full drainage, (b) half drainage, and (c) no drainage.

5.4.4 Summary and Conclusions

The influence of drainage conditions on the self-healing efficiency in the recovery of mechanical
strength and hydraulic conductivity, and crack closure of CPB has been investigated in this study,
and based on the experimental results, the main conclusions of the study are summarized as follows:

The uncracked control CPB specimens with full drainage perform consistently higher
compressive strengths and lower hydraulic conductivities than those with half drainage and
no drainage conditions over the studied self-healing period. The drainage process
significantly contributes to the compressive strength development and refinement of pore
structure, which is associated with the coupled effects of lower w/c ratio due to drainage of
excess water, densification of the matrix, and improved cement hydration reactions.

The improved cement hydration and precipitation contribute to the hardening processes
within the CPB matrix, which benefit self-healing performance in strength recovery of the
studied CPB specimens. The pre-cracked CPB specimens with drainage conditions (full and
half drainage) have more pronounced self-healing efficiency than those with no drainage.
Moreover, this strength enhancement becomes increasingly conspicuous as the drainage
condition is enhanced.

The drainage condition delivers a better evolution of microstructural refinement due to the
rearrangement of the solid particles in CPB during the initial curing period, which not only
leads to the densification of the matrix reducing the total porosities, but also increases the
contact surface area between particles benefiting to the cement hydration, contributing to a
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faster reaction and precipitation of healing products and achieving a more efficient recovery
in hydraulic conductivity (permeability).

e The pre-cracked CPB specimens with half and full drainage conditions demonstrate an
improved self-healing capacity for crack closure compared to those with no drainage
condition, with a closure ability order of full drainage> half drainage> no drainage based
on the crack characteristics. This improvement is attributed to the large amount of self-
healing products (i.e., C-S-H, Ca(OH),, CaCOs3) produced by the improved rates of
unhydrated cement particle hydration and carbonation of calcium hydroxide filling
available microcracks and capillary voids.

The findings of this study help to better understand the impacts of the drainage conditions on the
self-healing capacity of CPB, which provides an essential component to the integrity of self-healing
performance investigation of CPB materials. Despite the valuable insights gained, this study
utilized only synthetic tailings composed predominantly of quartz. While quartz is the primary
mineral in many hard rock mine tailings, natural tailings from different mining sites can exhibit
diverse mineralogical compositions. This variability may influence the self-healing behaviour of
CPB, potentially limiting the direct generalization of our findings to all mine waste materials. The
effects of different mineral compositions on CPB’s self-healing performance remain uncertain. To
address this limitation, future research should incorporate a broader range of natural mine tailings
with varying mineralogical compositions to validate and extend these findings to more diverse field
conditions. Additionally, non-destructive techniques such as ultrasonic pulse velocity or resonant
frequency testing should be explored in future studies to monitor self-healing progress in the same
specimens over multiple self-healing periods. These approaches could provide deeper insights into
the kinetics and mechanisms of CPB self-healing. Further research should aim to bridge these
knowledge gaps and enhance our understanding of how drainage conditions influence self-healing
mechanisms under field-representative conditions.
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5.5 Paper V: Influence of Crack-Inducing Stress Modes on the Self-Healing Efficiency of
Cemented Paste Backfill
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Abstract

This paper examines the autogenous self-healing behaviour of cemented paste backfill (CPB) with
crack damage induced by three distinct stress modes, including uniaxial compression, triaxial
compression, and indirect tensile loading, which present common field-relevant stress conditions
in underground stopes. Pre-cracked specimens and uncracked controls were subjected to healing
periods of up to 90 days and evaluated through mechanical strength recovery, hydraulic
conductivity testing, crack characterization, X-ray micro-computed tomography (XR-uCT), and
microstructural analyses (SEM-EDS, FTIR, XRD, TG/DTG). Results reveal that specimens pre-
cracked under uniaxial and triaxial compression exhibit superior self-healing efficiency, with
strength recovery exceeding 15% compared to uncracked controls and permeability reduction
surpassing 85-90% after 90 days. These outcomes are attributed to favourable crack geometries,
continued cement hydration, and carbonation of Ca(OH), leading to the deposition of C-S-H,
calcite, and ettringite within cracks. In contrast, disc-shaped specimens subjected to indirect tensile
loading developed traversing mode-I cracks with large apertures, limiting healing and resulting in
substantially lower strength and permeability recovery. The findings demonstrate that crack type
critically governs the self-healing potential of CPB, with confined shear-dominated cracks showing
the most efficient closure, while large tensile cracks remain only partially healed. This work
advances understanding of stress-dependent self-healing in CPB and provides a scientific basis for
predicting the long-term durability and containment performance of backfill structures in
subsurface mine conditions.

Keywords: Cemented paste backfill; Autogenous healing; Mine; Tailings; Mechanical properties;
Hydraulic conductivity; Mechanical loading

5.5.1 Introduction

As mining operations advance toward deeper underground deposits, tailings production continues
to escalate, with recent estimates indicating an annual generation of approximately 16 billion
tonnes and a cumulative global inventory exceeding 282 billion tonnes (Global Mining Review,
2023). Cemented paste backfill (CPB) has emerged as an integral component of modern
underground mining operations due to its dual role in effective tailings management and ground
support. The implementation of CPB significantly reduces reliance on surface tailings storage
facilities (TSFs), enhances underground stability, and improves ore recovery from mineralized
zones (Qi & Fourie, 2019; Yilmaz & Fall, 2017). CPB is made chiefly from dewatered tailings (70-
85 wt.%), hydraulic binders (3-7 wt.%), and either processed mine water or fresh water, which is
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delivered to underground stopes as a non-Newtonian slurry through a pipeline system (Benzaazoua
et al., 2004; Brackebusch, 1994; Fall et al., 2005). After placement, the CPB structure is required
to meet specific mechanical requirements to support the exposed rock mass as a self-supporting
structure, thereby minimizing operational interruptions and managing stress redistribution in the
surrounding rock (Jafari & Grabinsky, 2021; Sivakugan et al., 2006). In parallel, CPB must also
meet durability and environmental requirements by ensuring long-term integrity, containing
contaminants, and preventing acid mine drainage (AMD) (Fall et al., 2009).

Upon placement, CPB structures are influenced by a range of intrinsic and extrinsic impacting
factors, including tailings characteristics (e.g., particle size distribution, density, mineralogy),
binder type and dosage, water geochemistry, temperature, drainage conditions, moisture content,
sulphate concentration, in-situ stress, and backfilling strategies (e.g., filling rate and sequence).
These factors act independently or interactively to influence the mechanical, durability, and
environmental performance of CPB (Cui & Fall, 2015; Ghirian & Fall, 2014). Numerous laboratory
and in situ studies have investigated the effects of these variables on CPB behaviour (Fall et al.,
2005; Ercikdi et al., 2009; Ghirian & Fall, 2016; Fall & Pokharel, 2010; Helinski et al., 2011; le
Roux et al., 2005; Thompson et al., 2012; Wang et al., 2022; Wu et al., 2013; Yilmaz et al., 2014).
Among these variables, the role of in-situ stress during curing has received increasing attention. To
replicate underground stress environments, various testing apparatuses have been developed
(Belem et al., 2002; Cui & Fall, 2016b; Fang & Fall, 2020; Ghirian & Fall, 2016; Guo et al., 2020;
Liu & Fall, 2024; Shahsavari et al., 2022; Xu et al., 2019; Yang et al., 2020; Yilmaz et al., 2014;
Yilmaz et al., 2009). These systems typically apply vertical stress (self-weight and overburden),
horizontal stress (rock wall closure or convergence), and shear stress at CPB-rock or CPB-CPB
interfaces. Findings consistently demonstrated that stress applied during curing enhances
consolidation and particle rearrangement within the CPB matrix, thereby accelerating binder
hydration, promoting additional hydration products, refining the microstructure, increasing
mechanical strength, and reducing permeability. This explains why CPB specimens cured under
stress-free laboratory conditions often underestimate field strength, even with identical mix designs.

In practice, CPB is subjected to a combination of compressive, tensile, and shear stresses arising
from overburden pressure (self-weight, loads from mining activities, overlying rock mass, early
loading, or uneven stress distribution), rock mass movement and wall closure, as well as dynamic
activities such as blasting-induced vibrations. CPB structures, therefore, experience coupled stress
states rather than isolated modes. As mining operations extend to deeper ore bodies, CPB is
exposed to substantially higher in-situ stresses, reaching several megapascals in horizontal
directions and tens of megapascals vertically (Ouyang et al., 2009; Raffaldi et al., 2019; Seymour
et al., 2017). While moderate stresses may enhance strength development, excessive loading can
trigger microcracking or structural failure, particularly during early hydration or in the presence of
localized weaknesses (Ghirian, 2016; Liu & Fall, 2025; Zhou & Beaudoin, 2003). For instance, a
backfill failure at the Lucky Friday Mine was attributed to sudden wall convergence that imposed
an average horizontal stress of 3 MPa on the CPB mass (Seymour et al., 2017). Similarly, Liu &
Fall (2025) reported that the development of macro-cracks in a 28-day CPB sample cured under
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multiaxial stress, culminating in structural failure when vertical and lateral stresses reached 0.61
MPa and 3.75 MPa, respectively. When such loadings interact with intrinsic flaws (e.g., structural
defects, shrinkage, or chemical degradation such as sulphate attack), cracks may initiate during
curing. The subsequent propagation of cracks compromises both the mechanical integrity and
environmental containment of CPB. Indeed, shear, tensile, and mixed-mode (shear-tensile)
cracking are common failure mechanisms originating from microstructural defects under stress (Li
et al., 1998; Pan et al., 2021). As mines go deeper and stress levels increase, CPB becomes more
prone to cracking, undermining its mechanical, durability, and environmental performance.

These facts highlight the critical importance of mitigating or healing cracks in CPB to ensure its
mechanical stability, durability, and environmental performance, particularly in deep mining
contexts. Autogenous self-healing has emerged as a promising strategy to counteract the
detrimental effects of cracking in CPB. Previous studies have examined the influence of healing
temperature, drainage, sulphate content, and other factors affecting the autogenous self-healing
capability of CPB (Quan & Fall, 2024, 2025a, 2025b). However, all such studies induced cracking
via uniaxial compression, which generally produces a mixed tensile-shear crack mode, making it
difficult to isolate and compare healing efficiency across distinct crack types. In reality, CPB in
stopes is predominantly subjected to multiaxial (triaxial) compressive stress due to confinement by
stope walls and arching, with continuous mobilization of interface shear at fill-rock boundaries.
Local tensile stresses also arise at free surfaces, underhand spans, and from early-age shrinkage,
thermal gradients, blasting, or seismicity, often governing cracking and serviceability. In contrast,
uniaxial compression is seldom representative of in-situ conditions. Thus, previous studies based
solely on uniaxial loading may not be representative of self-healing behaviour in practice. To date,
no studies have examined autogenous self-healing of CPB in cracks induced specifically by shear
or tensile stresses.

Moreover, research on conventional cementitious materials, such as mortar, concrete, and
engineered cementitious composites (ECC), has often employed controlled loading methods, such
as uniaxial tension, splitting, or flexural tests, to generate cracks under well-defined stress states
for self-healing evaluation (Choi et al., 2017; Ferrara et al., 2014; Ferrara et al., 2018; Hezhi Liu et
al., 2017; Ozbay et al., 2013; Qureshi et al., 2016; Sahmaran et al., 2015; Sisomphon et al., 2013;
Snoeck & De Belie, 2015). However, the results from conventional concretes cannot be directly
transferred to CPB, which differs fundamentally in composition, microstructure, and performance.
Even within the broader field of cementitious materials, the role of distinct crack modes in
governing autogenous self-healing remains underexplored.

Building upon this gap, this study aims to advance the understanding of autogenous self-healing in
CPB by examining the influence of distinct crack modes and the stress types that induce them. In
addition to uniaxial compressive loading, which typically generates mixed tensile-shear cracks,
two alternative methods are employed: triaxial compression (predominantly generating shear
cracks) and indirect (Brazilian) tensile (producing pure tensile cracks) testing. These approaches
introduce well-defined crack profiles, enabling systematic evaluation of healing performance. To
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assess the self-healing capability, surface crack closure, mechanical strength recovery, and
permeability reduction were examined in pre-cracked CPB specimens. The findings provide novel
insights into how crack type and stress state influence the autogenous healing performance in CPB,
thereby contributing to the design of more durable and environmentally sustainable backfill
systems for deep underground mining.

5.5.2 Materials and Experimental Program

5.5.2.1 Materials

Tailings

Silica tailings (ST), characterized by a high quartz content (99.8% of SiO2) and commonly present
in Canadian hard rock mine tailings, served as the primary material for CPB specimen preparation.
The relatively high purity and chemically inert nature of ST aim to minimize the uncertainties
associated with the reactive mineralogical compositions in natural tailings (NT). Additionally,
approximately 45 wt.% of ST comprises fine particles with sizes below 20 um, falling within the
range of medium tailings. Its particle size distribution closely resembles that of NTs from nine
different mines in eastern Canada, as shown in Figure 5-39. The close agreement in particle size
distributions supports the use of ST as a realistic proxy for Canadian mining contexts. Table 5-12
and Table 5-13 summarize the mineralogical and physical properties of ST, respectively.

100 S sresesssse 6
9 Mines-Differential distribution
ST-Differential distribution
0 - 9 Mines-Cumulative distribution
= —-ST-Cumulative distribution =
= =
£ 4 g
2 601 E
= i
5 =
o =
£ 40 - E
= o
2 (22
S &
20 A
0 +4 440 00S T T T 0
0.01 0.1 1 10 100 1000

Particle size (um)

Figure 5-39. Gradation curve of the ST compared with the average gradation of nine natural
tailings (NT) from eastern Canada.

Binder and Water

Type I Portland cement (PCI), also commonly referred to as General Use (GU) cement, was
selected as the hydraulic binder for preparing the CPB specimens, reflecting its widespread
adoption in mining applications. The GU cement used here consisted of CaO, SiO2, AlO3, SO;3,
Fe>0s, and MgO, with respective proportions of 62.82%, 18.03%, 4.53%, 3.82%, 2.70%, and
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2.65%. Potable tap water served as the mixing water for combining the ST with the cement to
produce backfill mixtures.

Table 5-12. Mineralogical constituents of the utilized tailings.

SiO;  FeOs AlLOs TiO, CaO MgO NaxO KO LOI
(%)

ST 99.8  0.035 0.05 0.02 001 <0.01 <0.01 0.02 0.1

LOI: loss on ignition.

Tailings

Table 5-13. Physical characteristics of ST alongside the average of nine natural tailings from
Eastern Canada.

Dio Dso Dso Deo

Element Gs Cu Ce
(um)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

9 mines average - 1.8 9.1 20.0 30.8 17.1 1.7

Gs: specific gravity; Cu: coefficient of uniformity; Cc: coefficient of curvature.

5.5.2.2 Specimen preparation and initial curing

Silica tailings and PCI were batched to yield a binder content of 4.5 wt.% with respect to the solid
mass. The dry constituents were premixed for ~1 min in a mechanical mixer to disperse fines
uniformly, after which water was added to reach a fixed w/c of 7.35. Mechanical mixing then
proceeded for 7 min, ensuring a homogeneous paste was achieved. The workability of the fresh
CPB mixture was evaluated using the slump test according to ASTM C143 (ASTM, 2020a),
yielding a slump value of 18 cm, which aligns with common practices in Canadian mine backfill
operations. Specimens intended for subsequent testing were cast in molds with a dimension of
®50%100 mm. A 7-day initial curing (IC) stage under ambient laboratory conditions was applied
to the specimens before crack introduction, as outlined in Table 5-14. For indirect tensile stress
testing, disc specimens were prepared by cutting the central portion of the previously cast
specimens, maintaining a thickness-to-diameter (t/d) ratio of approximately 0.6 to ensure
consistency after the initial curing period, as illustrated in Figure 5-40c.

5.5.2.3 Crack initiation

Following the initial curing phase, a subset of the CPB specimens was stored as uncracked control
specimens and maintained under continued curing conditions. The remaining specimens then
underwent a controlled pre-cracking process to introduce defined levels of crack damage in
preparation for subsequent self-healing investigations. To investigate the influence of stress
conditions and crack modes on self-healing efficiency, three mechanical testing methods
commonly used in CPB mechanical property evaluation were employed: uniaxial compression,
triaxial compression, and indirect (Brazilian) tensile testing, as illustrated in Figure 5-40. These
tests were selected to represent crack-inducing stresses dominated by compressive stress (CS),
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shear stress (SS), and tensile stress (TS), respectively, thereby enabling the generation of distinct
and well-characterized crack damage profiles for subsequent healing analysis.

Table 5-14. Experimental summary of the studied CPB specimens, including mix design,
curing/healing conditions, and testing methods.

Sample Binder content  w/c  Initial curing Pre-cracking Pre-cracking Self-healing
nomenclature (Wt.%) ratio (day) method level period (day)

Self-healing behaviour of CPB with crack damage induced by uniaxial compression loading

Uniaxial 75% and 90% of 7
CS 4.5 7.35 7 . compressive 28
compression test 90

stress

Self-healing behaviour of CPB with crack damage induced by triaxial compression loading

7

1 1 0 ()
39 45 735 7 TI‘laX‘Ial 75% 'and 90% of 78
compression test  deviator stress 90

Self-healing behaviour of CPB with crack damage induced by indirect tensile loading
7
1 1 0 0

TS 45 735 7 Indirect tensile ~ 90% apd 100% 73
test of tensile stress 90

For the CS-induced cracking scenario, the initial strengths of CPB specimens were determined
through uniaxial compressive strength (UCS) testing after the IC period in compliance with ASTM
C39/C39M-21 (ASTM, 2021). Based on these values, the specimens were then loaded to 75% and
90% of their UCS values (designated as CS-PC75% and CS-PC90%, respectively) to induce
controlled pre-cracking before reaching the peak stress stage. The load was maintained for one
minute to allow crack initiation and propagation within the CPB matrix. These specific pre-
cracking levels were adopted in accordance with previous findings (Quan & Fall, 2025a), which
demonstrated that surface-visible cracks typically occur at or beyond 75% of UCS. It was observed
that the PC75% pre-cracking level predominantly produced tensile cracks, whereas the PC90%
pre-cracking level resulted in a combination of tensile and shear cracks. In terms of the SS-induced
cracking condition, an analogous pre-cracking procedure, represented by SS-PC75% and SS-
PC90%, was adopted, while the reference stress was the peak deviator stress obtained from triaxial
compression tests. The pre-cracking process was conducted within a triaxial testing cell (Figure
5-40b), where the effective confining pressure for the specimens was provided by a Tri-Flex 2
hydraulic pressure system. During the shear stress pre-cracking process, specimens enclosed in
rubber membranes were placed in a pressure chamber and subjected to a confining pressure (o3 =
120 kPa) using hydraulic water. This pressure was determined based on a confinement ratio of 0.25,
defined as the ratio of confining stress to UCS. A vertical load was then applied to perform triaxial
compression tests under undrained conditions in accordance with ASTM D4767-11 (ASTM,
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2020b). This procedure primarily induced major shear cracks with occasional tensile cracking.
Both UCS and triaxial pre-cracking processes were conducted subjected to a displacement-
controlled regime at a steady rate of 1 mm/min. Furthermore, regarding the TS-induced cracking
scenario, indirect tensile tests were carried out on the disc specimens utilizing a compressive testing
system with flat loading plates, following ASTM D3967-23 (ASTM, 2023), with a displacement-
controlled loading rate of 0.2 mm/min. This method resulted in the formation of dominant tensile
cracks initiating from the center of the specimens. All mechanical loading procedures were
implemented on a servo-controlled mechanical press (MTS 10/GL, 50 kN capacity). Axial
displacement was recorded using an internal linear variable differential transformer (LVDT)
connected to an automated data acquisition system.

5.5.2.4 Healing condition

During the self-healing curing phase, the pre-cracked CPB specimens were individually wrapped
in plastic film and stored alongside the uncracked control specimens under ambient conditions.
This controlled self-healing exposure condition aimed to minimize external interference, thereby
reducing uncertainties in the subsequent analysis. Such conditions ensured a consistent
environment for evaluating the intrinsic autogenous self-healing behaviour and efficiency of CPB
materials with different stress-induced crack damage mechanisms. In this study, the day on which
pre-cracking was completed was designated as DO, marking the completion of pre-cracking and
the initiation of the self-healing period. Subsequent self-healing periods were defined as D7, D28,
and D90, representing short-term (7 and 28 days) and long-term (90 days) self-healing phases,
respectively. Notably, these self-healing periods corresponded to CPB paste ages of 7, 14, 35, and
97 days for DO, D7, D28, and D90, respectively.

5.5.2.5 Testing method for self-healing

Evaluation of mechanical property

The mechanical strength recovery due to self-healing was assessed through uniaxial compression,
triaxial compression, and indirect tensile tests, performed on at least three specimens per condition.
To evaluate the recovery of uniaxial compressive, deviator, and tensile stresses, tests were carried
out on pre-cracked specimens (pre- and post-healing) as well as uncracked control specimens at
self-healing periods of 0, 7, 28, and 90 days. An index, referred to as Changes in Mechanical
Strength (CMS), was defined for quantitative evaluation of self-healing efficiency in terms of
strength recovery, based on the differences in strength between the pre-cracked and the
corresponding control specimens. CMS is calculated as follows:

CMS (%): Spre—cracked/healed - Scontrol (5_ 11 )

Scontrol

where Spre-cracked/meatea TEpresents the strength of pre-cracked specimens before or after the self-
healing period, and Sconror corresponds to the strength of uncracked control specimens exposed to
the identical self-healing regime and duration. Note that strength in these calculations refers to
UCS, deviator stress, or tensile stress, depending on the test performed.

197



Evaluation of permeability property: hydraulic conductivity test

Low permeability is often associated with the durability of CPB structures, as it minimizes the risk
of fluid (water, air) ingress, acid mine drainage (AMD), and contaminant release into groundwater
systems. Saturated hydraulic conductivity (ks«) measurements of CPB specimens with different
crack-induced damage were measured to evaluate permeability recovery and to reflect the internal
crack self-healing. The hydraulic conductivity tests were performed on pre-cracked specimens
(pre- and post-healing) and control specimens employing a triaxial cell equipped with a flexible
wall following the procedures specified in ASTM D5084-16a (ASTM, 2016). The Hydraulic
Conductivity Recovery Ratio (HCRR) is defined to quantify the improvement in permeability by
comparing the hydraulic conductivity of pre-cracked specimens pre- and post-healing stage:

HCRR (%) = 2=x100% (5-12)
0

where ko represents the initial hydraulic conductivity, cm/s, before healing; & is the hydraulic
conductivity, cm/s, measured after specified self-healing period.

Crack characteristics

Crack morphology parameters were monitored to complement the results from the mechanical and
permeability tests. Surface crack closure of pre-cracked CPB specimens was assessed using a
portable digital microscope (200x magnification), enabling direct visualization and measurement
of healed crack widths as an indicator of autogenous healing performance. For disc specimens
subjected to TS loading, where prominent cracks were present, crack areas were quantified to track
changes in crack size during the self-healing period.

To investigate internal crack geometry, X-ray micro-computed tomography (XR-uCT) scanning
was performed on SS-PC and TS-PC specimens using a SkyScan high-resolution scanner with
analytical settings of 130 kV voltage, 61 pA current, 1350 ms exposure time, and 25 pm resolution.
During scanning, the specimen was illuminated by an X-ray beam, which attenuated as it passed
through different phases of the CPB matrix. This attenuation allowed the acquisition of 2D cross-
sectional projections at rotation steps of 0.25° or 0.3° (Flannery et al., 1987). In the raw images,
two primary phases can be distinguished: (i) air-filled regions (cracks and pores) appearing black,
and (i1) the solid CPB matrix (cement hydrates and tailings in dark gray, unhydrated cement in light
gray). Reconstruction of 3D structures from the 2D attenuation slices, along with numerical
segmentation, was performed using Imagel software. This enabled high-resolution visualization
and analysis of crack morphology, distribution, propagation, and potential self-healing behaviour
within the CPB structure. For enhanced interpretability, segmented images were rendered with the
solid matrix displayed in white, while cracks and pores were pseudo-colored in blue-purple to
clearly distinguish them from the solid phase.
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Figure 5-40. Pre-cracking process by employing (a) uniaxial compression loading, (b) triaxial
compression loading, and (c¢) indirect tensile loading.

Microstructural analysis

Scanning electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS),
thermogravimetric analysis (TG/DTG), X-ray diffraction (XRD), and Fourier transform infrared
spectroscopy (FTIR) were employed to characterize the self-healing products and hydration
behaviour of the studied CPB specimens. A JEOL 6610LV SEM with environmental operation
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capability, operating at low voltage and equipped with an Oxford INCA large-area SDD detector,
was used for SEM-EDS characterization. The analysis aimed to observe the morphology of self-
healing products and to determine their elemental compositions. Complementary chemical
characterization was performed using XRD and FTIR to identify the crystalline and functional
groups present in the self-healing products. XRD analyses were carried out with a Bruker D8
Endeavor diffractometer, and FTIR spectra were detected utilizing a Thermo Scientific Nicolet
6700 spectrometer. In addition, TG/DTG analyses were conducted using Mettler Toledo TGA 2 to
investigate the thermal decomposition behaviour and hydration products of healed and control CPB
specimens. The thermal tests were conducted under nitrogen with a heating rate of 10 °C/min to a
maximum temperature of 1000 °C, providing insights into the binder hydration mechanisms
influenced by pre-cracking and subsequent self-healing.

5.5.3 Results and Discussion

5.5.3.1 Nature of self-healing products

As illustrated in Figure 5-41, direct microscopic observations reveal the progressive formation and
accumulation of crystal-like self-healing products precipitating and growing along the surfaces of
cracks over the self-healing period. These products gradually fill the crack openings, leading to
apparent closure throughout the self-healing period from DO to D90. To further characterize the
chemical composition and elucidate the autogenous healing mechanisms, the self-healing materials
formed in pre-cracked specimens exposed to the different crack-inducing stress conditions
following 90 days of self-healing were analyzed using FTIR spectroscopy, as shown in Figure
5-42a. As seen in the FTIR spectral profiles, the characteristic absorption peaks at 694 cm™' and
1083 cm! associated with asymmetrical Si-O bending vibrations, and at 777 cm™ and 796 cm’!
attributed to symmetric Si-O-Si stretching vibrations, are identified as features of quartz present in
the silica tailings. Notably, the peaks at 694 cm™ and 1083 cm™! are not only indicative of quartz
but also suggest the formation of silicate (C-S-H) (Sari et al., 2023; Sun et al., 2022). In addition,
the absorption band at 451 cm™!, corresponding to Si-O bending vibrations, further supports the
formation of C-S-H within the self-healing products (Feng et al., 2023; Wang et al., 2021). The
presence of carbonate phases is confirmed by peaks at 875 cm™ and 1442 cm’!, representing out-
of-plane bending and asymmetric C-O stretching vibrations of CO%', respectively. These peaks
indicate the formation of calcite, a product of Ca(OH), carbonation within the CPB matrix (dos
Santos et al., 2021; Sun et al., 2022). Furthermore, an absorption band near 1162 cm™! is attributed
to the S-O asymmetric stretching vibration of SO?{, confirming the presence of ettringite (Sari et
al., 2023). Collectively, the FTIR spectra clearly demonstrate that C-S-H, calcite, and ettringite
constitute the primary components of the self-healing products formed within the cracks. These
findings are further corroborated by XRD analysis in Figure 5-42b, which confirms the presence
of the same aforementioned crystalline phases. Moreover, SEM-EDS characterization of the self-
healing products, as shown in Figure 5-43, supports these conclusions by revealing the
corresponding morphologies and elemental compositions. Together, the FTIR, XRD, and SEM-
EDS results confirm that continued cement hydration and carbonation of Ca(OH); are the dominant
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mechanisms governing the autogenous self-healing behaviour observed in pre-cracked CPB
specimens, irrespective of the type of crack-inducing stress. These mechanisms are consistent with
those reported in prior studies on conventional CPB systems (Quan & Fall, 2025a, 2025b).

DO D7 D28 D90 Self-healing products

(b)

() L

Figure 5-41. Typical surface crack closure observed throughout the self-healing period from 0 to
90 days in pre-cracked specimens subjected to (a) triaxial compression, (b) uniaxial compression,
and (c) indirect tensile loading.

5.5.3.2 Crack characteristics through self-healing

The crack characteristics of pre-cracked cylinder and disc specimens subjected to three crack-
inducing stresses/methods were assessed by evaluating the average crack widths, maximum healed
crack widths, and reductions in crack area before and/or after the self-healing periods. As self-
healing products precipitate and bridge the crack gaps, visible surface crack widths are reduced,
resulting in the development of continuous and compact specimen surfaces as exemplified by
complete healing in Figure 5-41. In particular, Figure 5-41 shows a steady decrease in crack width
from DO to D90. This progressive crack closure behaviour demonstrates the autogenous self-
healing capability of the CPB matrix and its potential to restore surface integrity without external
intervention. In addition, specimens exhibiting large crack widths were analyzed under partial and
no healing conditions, demonstrating the limited effectiveness of autogenous self-healing in such
pre-cracked CPB specimens. To quantitatively evaluate the self-healing of surface crack closure
under the three crack-inducing stresses, the crack widths with complete healing were measured and
summarized in Table 5-15 for all studied specimens after the designated self-healing periods.
Evidently, the pre-cracked specimens, regardless of the crack-inducing method, exhibit overall
comparable crack closure performance in healed crack widths as the healing progress advances.
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This consistent performance is attributed to the identical mix design used for all CPB specimens,
ensuring the same cement content, which dominates the autogenous self-healing of CPB materials.
Consequently, similar surface crack closure behaviour is observed when specimens are subjected
to the same pre-cracking age and self-healing conditions.
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Figure 5-42. (a) FTIR and (b) XRD curves of self-healing products extracted from pre-cracked
specimens.
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Figure 5-43. SEM-EDS characterization of the crack surface in a CS pre-cracked specimen after a
90-day self-healing period.
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Table 5-15. Maximum healed surface crack width on specimens subjected to different crack-
inducing methods after specific self-healing periods.

Batch Self-healing period Maximum completely healed crack width
nomenclature* (day) (um)
7 48.6
CS-PC 28 60.4
90 75.5
7 45.1
SS-PC 28 61.0
90 73.1
7 50.9
TS-PC 28 66.0
90 80.2

*CS-PC, SS-PC, and TS-PC indicate specimens pre-cracking by uniaxial compression, triaxial
compression, and indirect tensile loading, respectively.

It is important to note that multiple cracking patterns are observed in the studied specimens
subjected to the three crack-inducing stresses, which reveal variations in the self-healing
performance among different crack types. In the cylinder specimens under uniaxial compression,
crack propagation typically involves a combination of tensile and shear cracks, as shown in Figure
5-44ab. At the pre-cracking level of CS-PC75%, axial compression combined with lateral tensile
stresses predominantly induces vertical tensile splitting cracks parallel to the loading axis. These
tensile cracks are relatively clean and open, with clearly visible gaps. As the pre-cracking level
increases to CS-PC90%, stress concentrations around flaws facilitate the formation of inclined
shear cracks, resulting in a combination of tensile and shear crack types. While shear cracks are
primarily governed by sliding displacement, they also exhibit narrow, irregular openings due to
localized dilation (Figure 5-44b). In contrast, the crack patterns in cylinder specimens under triaxial
compression differ significantly due to the lateral confining pressure. At the pre-cracking level of
SS-P90%, microcracks become more pronounced, with orientations influenced by the combined
compressive and shear stress conditions. Vertical tensile splitting cracks are largely suppressed,
and crack propagation is dominated by the formation of inclined shear cracks, typically oriented at
approximately 15-30 degrees to the loading axis. Some shear cracks remain narrow and irregular,
with minimal apertures due to the restraining effect of confining pressure, resulting in less open
shear cracks (Figure 5-44ef). Despite the confining pressure restricting the crack opening, Figure
5-44g reveals the localized dilation zones where microcrack coalescence and particle interlocking
induce measurable apertures (Cui & Fall, 2016a; Jafari et al., 2021; Jouanna, 1993; Kadin &
Rychahivskyy, 2012; Liu et al., 2025). The dilation behaviour is further supported by the XR-uCT
images of the shear cracks formed at different specimen depths under the pre-cracking level of SS-
PC90% in Figure 5-45, revealing that the dilated regions become more pronounced near the mid-
height of the specimen with the increase of crack opening. On the other hand, in disc specimens
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subjected to indirect tensile loading, the mode-I tensile cracks are formed under the indirect tensile
test, where a transverse tensile stress field develops perpendicular to the applied load (Figure
5-44d). During pre-cracking, the major visible tensile cracks typically initiate near the center of the
disc, exhibiting the largest aperture and gradually tapering toward the edges. These cracks are
uniform, clean, and more accessible compared to shear cracks, illustrating the differences in crack
morphology induced by distinct loading conditions.

The three crack-inducing methods generate cracks with different geometries and apertures, which
significantly influence the crack closure performance during self-healing. The indirect tensile test
produces major continuous tensile cracks with wide and uniform openings, allowing self-healing
analysis in crack widths ranging from 14.3 to 163.0 um. The observations over the 90-day self-
healing indicate that the crack portions near the two ends of the major crack and secondary cracks
typically achieve full closure with healed crack widths reaching up to 80.2 pm, as summarized in
Table 5-15. The self-healing products generated within cracks, such as CaCO3 from the
carbonation of Ca(OH), and additional hydrates from continued cement hydration, possess a solid
volume that progressively fills and bridges the crack cavity. The presence of crack openings
provides the essential space for the precipitation and growth of the self-healing products, which in
turn facilitates the crack closure process. In addition, the crack with apertures could act as pathways
for the reactants, such as CO, and water, to interact more effectively on the crack surfaces,
promoting the self-healing process. As the self-healing products accumulate, their volume growth
gradually reduces the crack aperture and leads to surface crack closure. However, the quantity of
self-healing products is primarily restricted by the amount of remaining unhydrated cement within
the matrix (Quan & Fall, 2024; Qureshi & Al-Tabbaa, 2020; Rajczakowska et al., 2019; Wu et al.,
2012). The large crack width (e.g., near the middle of major cracks) may experience partial or no
healing due to the insufficient healing products to fill the entire crack cavity as shown in Figure
5-46a, even when sufficient space exists for the healing products precipitation. A quantitative
representation of the surface crack healing process is provided in Figure 5-47, showing the average
reduction in crack area for TS-PC100% disc specimens over the self-healing period. The initial
crack images were first imported into ImageJ, followed by binary image processing to segment the
crack regions. The total crack area was then computed by selecting the crack region of interest
(ROIJ) and calculating its area based on the calibrated pixel-to-length ratio as shown in Figure 5-46b.
This procedure was repeated for all healing stages using the same threshold settings to ensure
consistency. A notable reduction of crack area is achieved during the first 28-day healing period,
followed by a slower closure rate until the end of 90-day self-healing. The overall approximately
26.6% reduction in crack area after 90 days of self-healing demonstrates the effectiveness of the
autogenous self-healing mechanism in surface crack closure. Similarly, the tensile surface cracks
in the specimens subjected to uniaxial compression also exhibit the effective crack closure with
comparable healed crack width reaching 75.5 um after 90 days of self-healing (Table 5-15),
attributed to the open and accessible geometry of the tensile cracks. Although tensile cracks are
dominant in the CS-PC75% and CS-PC90% specimens, shear cracks may develop combinedly to
form a mixed-mode (shear-tensile) crack. These shear cracks generally retain partially open due to
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localized dilation (Chemenda et al., 2011; Dodd & Bai, 2012; Meng et al., 2024), resulting in the
irregular and discontinuous crack geometries compared to the relatively uniform tensile cracks.
Given the consistent availability of unhydrated cement, the healing efficiency in crack closure is
more effective in shear cracks with narrow widths, attributed to the physical infilling of self-healing
products. This phenomenon becomes even more pronounced for the shear cracks generated under
the triaxial compression, where the confining pressure during the crack formation produces
compacted shear bands with minimal dilation, resulting in the cracks with partial closure of smaller
apertures by sliding and relatively smaller crack cavities (Figure 5-44e-g). The initial crack widths
in SS-PC pre-cracked specimens were measured to range between approximately 9.6 and 125.9 um
(excluding fracture-falling areas), which is smaller than that generated by other crack-inducing
methods. The localized dilation along the inclined shear planes provides the pathways for the self-
healing interactions with CO> and water, where the self-healing products effectively can precipitate
and accommodate to benefit the crack closure performance in cracks with narrower apertures. As
demonstrated in Table 5-15, the crack widths up to 73.1 pm are completely healed after 90 days of
self-healing. Visual inspection suggests that, in some cases, it is difficult to distinguish true crack
closure from the formation of self-healing products along sliding shear cracks, as the opposing
crack surfaces are tightly compressed and in direct contact.
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Figure 5-44. Typical crack type and propagation patterns during pre-cracking process subjected to
uniaxial compression (a-b), triaxial compression (c, e-g), and indirect tensile (d) tests.
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Height 23.38 mm Height 27.95 mm Height 33.66 mm Height 44.16 mm

Figure 5-45. XR-uCT scanning of crack patterns at different heights of the SS-PC90% specimen.

Initial crack under TS-PC100% After self-healing of 90 days

TN N

Initial crack image Binary image processing Crack area selection and calculation

(b)

Figure 5-46. (a) Typical observation of crack closure on disc specimen following 90 days of self-
healing, and (b) image processing for crack area detection and calculation.

Therefore, the observations across the three crack-inducing methods manifest that the crack type
critically governs the autogenous self-healing performance of surface crack closure in the CPB
matrix. Tensile cracks feature open, continuous, and relatively smooth crack surfaces that facilitate
the transportation of CO2 and water and provide sufficient space for the deposition of self-healing
products. However, the large apertures of these cracks pose a limitation for complete crack closure,
since the quantity of self-healing products is inadequate to bridge the entire crack width. In contrast,
shear cracks formed under triaxial compression loading are more prone to near-complete closure
within the specific capacity during the self-healing period, as shear cracks are characterized by
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narrower apertures and irregular, interlocked surfaces, resulting in smaller crack cavities that can
be effectively filled by the accumulating self-healing products.
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Figure 5-47. Average crack area reduction of disc specimens with cracks induced via indirect
tensile test at the pre-cracking level of TS-PC100% over the self-healing period.

5.5.3.3 Mechanical strength recovery

The self-healing efficiency of CPB cylinder and disc specimens subjected to the three crack-
inducing methods is evaluated based on their corresponding mechanical strengths: (a) uniaxial
compressive strength, (b) deviator stress, and (c) tensile stress, as presented in Figure 5-48. To
quantify the recovery efficiency, the CMS index (Eq. 5-11) is employed, which relates the strength
of healed specimens to their uncracked control counterparts over the self-healing duration. It is
generally observed in Figure 5-48 that the pre-cracked CPB specimens progressively regain their
mechanical strength as the self-healing proceeds.

Figure 5-48a demonstrates the efficiency of self-healing process in pre-cracked specimens
subjected to uniaxial compression. The results reveal that the CS-PC75% specimens recover nearly
the strength of the control (uncracked) specimens, whereas the CS-PC90% specimens exceed the
controls, achieving a CCS value of 6.2% at the early stage of self-healing (7 days). Notably, this
value continues to increase with time, attaining 17.7% after 90 days of self-healing. This
pronounced compressive strength recovery is primarily ascribed to the two dominant autogenous
healing mechanisms in the CPB matrix, namely: i) continued hydration of unhydrated cement
particles and i1) carbonation of calcium hydroxide (Quan & Fall, 2025a). Evidence from the thermal
analysis conducted in this study provides additional support for these mechanisms, presented in
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Figure 5-49a. Specifically, three distinct weight loss regions are observed at 100-200°C, 400-500°C,
and 600-750°C, corresponding to the decomposition of cement hydration products C-S-H, calcium
hydroxide, and calcite, respectively (Fall et al., 2010; Pane & Hansen, 2005). These weight losses
become more pronounced with the progression of the self-healing period from 7 to 28 days in the
CS-PC0% specimens, inferring that continued cement hydration significantly contributes to the
self-healing process in CPB. In addition to the chemical healing processes, the mechanical
conditions associated with uniaxial compression also play an important role in strength recovery.
As aforementioned, the cracks induced under the uniaxial compression loading typically involve a
combination of predominantly axial tensile cracks and inclined shear cracks. During the self-
healing phase, microcracks can be gradually filled by the self-healing products generated through
continued cement hydration and carbonation reactions. Of particular interest are the shear cracks,
many of which remain partially closed or tightly aligned due to residual compressive stress after
unloading from the pre-cracking process (Kang et al., 1990; Tchuindjang et al., 2018; Zhou et al.,
2018). The relatively smaller crack apertures (< 111.7 um) allow the more effective precipitation
and deposition of the self-healing materials within the cracks and voids, bridging the crack gaps
and enhancing the particle bonding. Furthermore, as seen in Figure 5-49a, the greater weight losses
observed in CS-PC90% specimens compared to uncracked CS-PC0% specimens after 90 days of
self-healing indicate more extensive cement hydration and carbonation in the pre-cracked
specimens. This enhancement can be attributed to the geometry of the crack network, which
provides the pathways of transportation of CO; and water within the matrix, both of which are
essential for the chemical healing reactions. The ingress of CO» facilitates the carbonation reaction
of calcium hydroxide to calcite, further contributing to the crack filling (Qian et al., 2010; Y1ildirim
et al., 2018). In the same way, the introduced cracks increase the surface area due to the generation
of new crack surfaces, which enhances the air/fluid transport pathways and allows the evaporation
of excess water from the CPB matrix during the self-healing phase. The high water content is
usually adopted during the preparation to meet the designed flowability requirements of the backfill
mixture; however, this can adversely impact the strength development due to the dilution effect on
cement particles and delayed precipitation (Baant & Raftshol, 1982; Bisschop & van Mier, 2008;
Bisschop & Wittel, 2011). The evaporation of water through cracks reduces the water content (e.g.,
the average water content of CS-PC0%, CS-PC75%, and CS-PC90% is 25.91%, 25.48%, and
24.53%, respectively, after 28 days of self-healing in this study), decreasing the water-to-cement
(w/c) ratio in the pre-cracked CPB specimens, which benefits the cement hydration and further
results in the relatively larger quantity of self-healing products to expedite the crack filling, thereby
enhancing the recovery of compressive strength (Bentz et al., 2009; Fall et al., 2009; Yilmaz et al.,
2009).
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Figure 5-48. Evolution of mechanical strength and CMS for pre-cracked CPB specimens
subjected to pre-cracking process of (a) uniaxial compression, (b) triaxial compression, and (c)
indirect tensile over the self-healing periods of 0, 7, 28, and 90 days.

Similarly, the specimens subjected to the triaxial compression pre-cracking exhibit comparably
promising mechanical strength recovery throughout the entire self-healing period as depicted in
Figure 5-48b. Specifically, both SS-PC75% and SS-PC90% specimens recover their strengths
compared to the control specimens within the first 7-day healing period. Over the course of 90 days,
the SS-PC90% specimens achieve approximately 13.2% to 15.3% higher deviator stress than the
controls. This noticeable self-healing efficiency is also driven by the ongoing hydration of residual
unhydrated cement particles. Evidence for this mechanism is provided by the results of thermal
analysis observed in Figure 5-49b, where the three characteristic weight losses associated with
hydration products decomposition are increasingly pronounced from 28 to 90 days for SS-PC90%
specimens. Moreover, the confined geometry of the crack network in the SS-PC specimens
contributes to the favourable conditions for the precipitation of self-healing products. During
triaxial compression pre-cracking, the applied confining pressure suppresses the tensile crack
propagation and narrows the crack apertures of the major shear cracks, which often remain partially
closed and/or under compression (Ewy & Cook, 1990; Lockner & Madden, 1991), limiting the
crack propagation and branching. The 3D reconstruction of XR-uCT scanning of an SS-PC90%
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specimen shown in Figure 5-50 further confirms that the internal crack network remains localized,
with the dominant shear cracks failing to penetrate the entire cross-section of the specimen. Instead,
cracks are concentrated within specific shear bands, while large portions of the surrounding matrix
remain intact and structurally continuous, which also provides additional resistance of the
specimens through the friction between the crack surfaces (Fall et al., 2007). In addition, the crack
network benefits the internal hydration processes in a manner similar to that observed in CS-PC
specimens as previously discussed. This is again validated by the thermal analysis in Figure 5-49b,
which reveals an enhanced extent of both hydration and carbonation in the SS-PC90% specimens
compared with the SS-PC0% specimens following 90 days of self-healing. The combination of
narrow crack apertures and partial physical crack closure not only enables self-healing products to
efficiently occupy the available cavities but also increases the direct contact between rough crack
surfaces, enhancing the nucleation and growth of self-healing products. As a result, the synergy
between favourable crack morphology under confined conditions and intrinsic chemical healing
reactions enables SS-PC specimens to recover their load-bearing capacity within a relatively short
self-healing period. Notably, the underground CPB backfill structures are typically subjected to
triaxial loading conditions, where the vertical loads from overlying rock masses are accompanied
by lateral confinement imposed by surrounding rock masses (Jafari et al., 2021; Liu et al., 2025;
Yang et al., 2020). Therefore, the triaxial compression pre-cracking loading provides a more
realistic and reliable evaluation of the self-healing efficiency in mechanical strength recovery of
the backfill matrices performed underground.
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Figure 5-49. TG/DTG analyses of (a) CS-PC specimens subjected to 7 and 28 days of self-
healing, and (b) SS-PC specimens following 28 and 90 days of self-healing.
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Figure 5-50. 3D reconstruction of the SS-PC90% specimen with overall view and segmented
views of the divided three parts showing internal crack geometry.

In contrast, the specimens subjected to the indirect tensile loading display a notably limited self-
healing efficiency in tensile strength restoration as presented in Figure 5-48c. Although both TS-
PC90% and TS-PC100% specimens demonstrate increasing CMS values with prolonged self-
healing after 90 days, the ultimate recovered tensile strengths remain significantly lower than those
of the uncracked control specimens with the CMS values of -16.9% and -36.8%, respectively. This
inferior healing efficiency is primarily attributed to the crack geometry generated in the disc-shaped
specimens under tension. The indirect tensile pre-cracking loading produces dominant mode I
tensile cracks that propagate nearly perpendicular to the applied compression load due to the
concentrated tensile stress along the horizontal diameter and the intrinsically low tensile strength
of CPB materials. As can be seen in Figure 5-51, XR-uCT scanning of the TS-PC100% specimen
confirms that the major crack almost penetrates the entire disc, splitting the specimen into two
segments. This traverse tensile crack substantially compromises the structural integrity of the disc-
shaped specimen, leaving the two cracked surfaces largely unconfined and physically separated
after the pre-cracking process. Despite the crack closure was observed at the microcracks and along
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the edges of the major cracks, the large width especially close to the central portion of the cracks,
which typically represents the widest aperture (up to ~163.0 um in TS-PC100% specimens) due to
stress concentration along the disc diameter, remains largely unclosed and mechanically
disconnected after cracking, reflecting the limitation of autogenous self-healing effectiveness of
the CPB materials with relatively low cement content compared to the conventional cementitious
materials. The insufficient precipitation of self-healing products is unable to effectively bridge the
crack gaps, thus inhibiting the physical contact and cohesive bonding between crack surfaces.
Furthermore, the self-healing products, such as calcite and calcium hydroxide, are mechanically
weaker than C-S-H gels, and even the C-S-H gels formed within the cracks lack the degree of
interlocking and structural continuity as that found in the uncracked control specimens (Qian et al.,
2010). Therefore, the healed regions exhibit poor stress transfer capability due to the relatively
weak interfacial bonding, a limitation further exacerbated by the absence of external confinement
during the healing phase in disc-shaped specimens.

Height 2.10 mm Height 13.97 mm Height 26.86 mm

Figure 5-51. Cross-sectional 2D scans of the TS-PC100% specimen at three different heights
illustrating the traversing major tensile cracks.

5.5.3.4 Hydraulic conductivity recovery

The development and morphology of cracks dominantly impact the permeability of the CPB matrix,
as they reflect the internal connectivity and continuity of the crack network induced by mechanical
loading (Fall et al., 2009). Changes in permeability were assessed through saturated hydraulic
conductivity (ksat) tests on specimens subjected to the three different crack-inducing methods. This
testing approach enables the evaluation of healing efficiency in permeability by using the index
HCRR, defined in Eq. 5-12, as illustrated in Figure 5-52.

Figure 5-52a manifests the variations of hydraulic conductivity in the specimens subjected to
uniaxial compression loading, and their corresponding healing efficiency across the self-healing
period. At the initial self-healing (DO0), the pre-cracked specimens show elevated hydraulic
conductivity compared to the uncracked control specimens, indicating increased crack-induced
permeability after the pre-cracking process. This increase becomes more pronounced as the pre-
cracking level progresses from CS-PC75% to CS-PC90%. Under uniaxial compression, axial
tensile microcracks typically develop at the CS-PC75% level. As the pre-cracking level elevates to
CS-PC90%, these microcracks further expand into macrocracks, and additional shear cracks
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emerge around initial structural defects. This progression results in an interconnected network of
tensile and shear cracks, which facilitates water flow and consequently leads to elevated hydraulic
conductivity. Moreover, the crack-induced permeability is observed to recover with an obvious
decreasing tendency in Figure 5-52a, with HCRR values reaching up to 86.6% in CS-PC90%
specimens as the self-healing continues to 90 days. This self-healing performance in hydraulic
conductivity can be explained by the previously discussed chemical healing processes of continued
cement hydration and carbonation reactions. The newly generated self-healing products deposit
and fill the crack gaps and voids to block the internal flow paths and refine the microstructure of
the specimen matrix, which significantly contributes to the permeability recovery.
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Figure 5-52. Evolution of hydraulic conductivity and HCRR of the pre-cracked CPB specimens
subjected to pre-cracking process of (a) uniaxial compression, (b) triaxial compression, and (c)
indirect tensile over the self-healing periods of 0, 7, 28, and 90 days.

In the same way, a more effective recovery in permeability can be noticed in the specimens
subjected to triaxial compression loading, as demonstrated in Figure 5-52b, with the HCRR value
reaching 90.3% in SS-PC90% specimens after a self-healing period of 90 days. This relatively
enhanced self-healing performance in permeability recovery is attributed to the combined effects
of the favourable crack morphology developed under confined conditions and the chemical self-
healing mechanisms. Cracks formed during the triaxial compression loading are typically
associated with the shear failure and are characterized predominantly by shear cracks, accompanied
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by minor suppressed tensile cracks. At the pre-cracking level of SS-PC75%, the pre-cracked
specimens exhibit only a minor increase in the hydraulic conductivity compared to the uncracked
controls immediately after the pre-cracking process, as the cracks remain partially closed and/or
compressed, lacking the open connectivity necessary for effective water flow. Despite the
occurrence of localized dilation leading to the escalation in the hydraulic conductivity with the pre-
cracking level reaching SS-PC90%, the pre-cracked specimens subjected to triaxial compression
loading still show relatively lower hydraulic conductivity than those subjected to uniaxial
compression loading under the same pre-cracking level. This can be attributed to the presence of
confinement during the triaxial compression loading, which not only limits the overall number of
cracks but also results in major shear cracks with small apertures (Figure 5-50). As a result, the
favourable crack geometry leads to smaller crack volumes that need to be healed, thus enabling
more effective crack infilling by self-healing products under the same CPB mixing composition.
On the other hand, since both pre-cracked CS-PC and SS-PC specimens contain the same cement
content, they possess a comparable potential capability for autogenous self-healing through
continued chemical hydration processes. However, due to the relatively smaller crack volumes
present in SS-PC specimens compared to CS-PC specimens, the chemical healing process can
operate more efficiently within SS-PC specimens, ultimately resulting in an enhanced recovery
performance in permeability.

However, the pre-cracked specimens subjected to the indirect tensile loading feature comparatively
inferior self-healing performance in permeability recovery as seen in Figure 5-52c. As
aforementioned, the indirect tensile loading generates dominant tensile cracks that propagate along
the vertical plane perpendicular to the applied compression, resulting in the large open apertures
(Figure 5-51). This through-crack establishes instantaneous and direct hydraulic connectivity
between the two sides of the disc-shaped specimens, resulting in a dramatic surge in hydraulic
conductivity after being subjected to the pre-cracking process. While the chemical self-healing
processes initiate the deposition of self-healing products along the crack surfaces, the limitation of
the autogenous healing capacity is insufficient to form a complete bridge across the large crack
apertures and the extensive traverse crack morphology. This observation is supported by the 3D
reconstruction from XR-uCT scanning of a TS-PC100% specimen following 90 days of self-
healing in Figure 5-54, which illustrates that the central region of the major crack remains largely
unhealed due to the initial large crack aperture and relatively inadequate quantity of self-healing
products. Hence, the unhealed region can hardly resist the water flow, ultimately resulting in only
marginal permeability recovery with HCRR values of 40.4% and 31.6% for TS-PC90% and TS-
PC100% specimens after 90 days of self-healing.

5.5.3.5 Detection of self-healing through CT scanning

The production of self-healing products progressively precipitates within the generated
microcracks and narrow regions to bridge the crack gaps as the self-healing advances, resulting in
the physical crack closure, blockage of the crack network, and mechanical bonding across the
fractured interface. The self-healing efficiency in the mechanical and permeability of pre-cracked
CPB is dominated not only by the surface cracks but also by the internal crack geometry within the
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specimen matrix. Figure 5-53 illustrates the typical crack morphology of a representative disc-
shaped TS-PC100% specimen, where Crack A propagates through both sides of the specimen, with
an overall crack aperture range of 19.1 to 77.6 pm. Comparison of the pre- (a) and post-healing (b)
images demonstrates a complete surface closure of Crack A, which serves as a critical first indicator
of autogenous self-healing, implying deposition of healing products or restoration of surface
continuity at the exposed crack interface. To further explore the internal crack morphology
following self-healing, 3D volumetric reconstructions from XR-uCT scanning are analyzed in
Figure 5-54a. Notably, in the representative disc-shaped specimen, the surface regions of Crack A
exhibit no discernible signs of cracking after the healing period in the outer zones of the specimen
(i.e., height 0-10.73 mm and 21.46-32.19 mm from either surface, Figure 5-54bd), suggesting
complete surface bridging and deposition of healing products. Faint grayscale discontinuities are,
however, detected in the deep internal crack region of the specimen (i.e., height 10.73-21.46 mm,
Figure 5-54c¢), indicating the presence of residual cracks after healing. The interface between the
previously separated crack faces becomes increasingly indistinct and morphologically irregular
after the self-healing period, as observed in both 2D observations and 3D volume renderings. This
blurred appearance can be indicative of the gradual deposition and accumulation of self-healing
products within the crack cavity, which effectively bridges the crack surfaces. The transition from
a sharply defined crack boundary to a diffuse interface indicates that discrete discontinuities have
been progressively filled, thereby leading to a reduction in crack continuity and reflecting the self-
healing performance of the interior of the CPB matrix. This internal healing pattern aligns with
observations in other conventional cementitious systems, wherein crack closure typically initiates
at outer surfaces, where ionic transport is more favourable, particularly for carbonation reactions,
and gradually progresses inward into the internal regions of the crack (Fan & Li, 2014; Huang et
al., 2013). Given that autogenous self-healing is governed by the availability of unhydrated cement
particles, the self-healing behaviour is more effective and often complete in regions with narrower
cracks or microcrack networks. In contrast, wider cracks, especially those formed with large
openings or severe dilation, tend to exhibit partial or no closure, where an open void may remain
toward the core of the crack, undermining the healing efficiency in the restoration of mechanical
and permeability properties.

The combination of 2D visual disappearance of the surface crack, 3D detection of the absence of
internal crack features near the outer surfaces, and localized persistence of central cracking
provides a comprehensive picture of significant self-healing performance inside the CPB matrix.
However, it is important to acknowledge the limitations associated with the current imaging and
analysis approach when interpreting the observed self-healing behaviour. Due to the relatively large
size of the scanned specimens (approximately a diameter of 50 mm and scanned height of 30-45
mm) and the limited resolution of the XR-uCT scanning (i.e., 25 um), it was difficult to distinctly
differentiate the self-healing products from the surrounding CPB matrix at this microscale. As a
result, though the visual closure of cracks, particularly in the surface and near-surface regions, was
clearly identifiable, the precise extent and continuity of the healing products within the crack
interior remain uncertain. This limitation complicates the full quantification of the volumetric
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integration of self-healing products with the overall matrix. In particular, for internal cracks with
small apertures or located deep within the specimen, the contrast between partially healed and
unhealed zones may fall below the detection threshold, potentially leading to underestimation or
overinterpretation of the healing extent. Future research is therefore needed to address these
challenges by employing finer-resolution imaging (e.g., < 10um), such as micro-CT with smaller
cored specimens (in several mm) or advanced phase-contrast imaging conducted before and after
self-healing. Such approaches could allow more precise segmentation of self-healing products from
the matrix to further elucidate the relationship between visual crack closure and mechanical
strength or permeability recovery (Gong et al., 2022; Snoeck et al., 2016; Suleiman & Nehdi, 2018;
Suleiman et al., 2019; Wang et al., 2014).

» : 3 , »
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: : : : : QO Surface of the studied specimen
i ’ .Crack A observed Crack A observed £ Analyzed crack region
Y, - at lower surface 0y at lower surface :
i Crack A
observed at upper surface
10 mm
(a) TS-PC100% disc-shaped specimen (b) TS-PC100% disc-shaped specimen
subjected to indirect tensile loading after self-healing period of 90 days

Figure 5-53. Surface crack morphology of the TS-PC100% specimen (a) before self-healing and
(b) after a self-healing period of 90 days.
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Figure 5-54. 3D reconstruction of the TS-PC100% specimen with (a) overall view of the
specimen, and (b-d) segmented views of the three parts illustrating the internal crack geometry
after self-healing period of 90 days.

5.5.4 Summary and Conclusions

This study investigates the autogenous self-healing behaviour of CPB subjected to cracks induced
by three stress modes commonly encountered in underground mining environments: uniaxial
compression, triaxial compression, and indirect tensile loadings. The experimental program
combined mechanical strength recovery tests, hydraulic conductivity measurements, crack
characterization, and detailed microstructural analyses (i.e., XR-puCT, TG/DTG, XRD, FTIR, and
SEM-EDS) to evaluate the efficiency and mechanisms of self-healing over a 90-day self-healing
period. The key findings of this study are summarized as follows:

» Regardless of the crack types, the progressive formation and deposition of crystal-like self-
healing products gradually fill and bridge the crack gaps, effectively reducing the crack
widths and contributing to the rehabilitation of the continuous and compact specimen
surfaces over the designated self-healing period up to 90 days. C-S-H, CaCOs3, and ettringite
constitute the primary self-healing products, formed as a result of continued cement
hydration and carbonation of Ca(OH)s.
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Distinct crack geometries develop under different mechanical loading conditions. Disc-
shaped specimens subjected to indirect tensile loading exhibit pure tensile cracks, typically
featuring the widest apertures near the center that gradually taper toward the edges.
Cylindrical specimens under uniaxial compression display a combination of clean, open
tensile and narrow shear cracks resulting from localized dilation. In contrast, triaxial
compression loading, with the presence of confining pressure, suppresses tensile crack
formation, producing a crack pattern dominated by inclined shear cracks with partially
closed or narrow openings influenced by localized dilation.

A crack network provides pathways for the transport of CO> and water, facilitating the self-
healing process. Given consistent binder content, which governs the autogenous self-
healing capability of the CPB matrix, the shear cracks and narrow tensile microcracks are
more prone to near-complete closure due to their smaller crack volumes requiring less
filling. In contrast, the large cracks limit the complete crack closure because the available
self-healing products are insufficient to bridge the entire crack width, resulting in partial
and/or no closure.

Both pre-cracked specimens subjected to uniaxial compression and triaxial compression
loading exhibit comparably promising self-healing efficiencies in strength recovery with
CMSs exceeding 15%. The presence of a crack network not only promotes the
transportation of CO2 and water but also enables the evaporation of excess water, decreasing
the w/c ratio of CPB. This reduction improves cement hydration, thereby benefiting the
healing efficiency in mechanical strength. Furthermore, the favourable crack geometry (i.e.,
partially closed and narrow aperture shear cracks) induced by the triaxial compression
allows the self-healing products to fill cavities more efficiently and promote the direct
contact between the rough crack surfaces, generating additional resistance from friction and
further strengthening the healing efficiency. However, as the traverse tensile crack destroys
the structural integrity of the disc-shaped specimen subjected to the indirect tensile loading,
inferior healing efficiency in strength is observed due to the remaining largely unclosed and
mechanically disconnected crack after healing.

A similar healing performance to that observed in mechanical strength recovery is evident
in the hydraulic conductivity of specimens subjected to uniaxial and triaxial compression
loadings. The self-healing products occupy the crack and voids to block the internal
connections and enhance the microstructure of the CPB matrix, thereby contributing to the
recovery of the permeability. In contrast, as the unhealed regions maintain the direct
hydraulic connectivity between the two sides of the disc-shaped specimens with cracks
induced by indirect tensile loading, the deficient healing performance is only achieved
within the disc-shaped specimens.

Triaxial compression loading more closely represents the in-situ stress conditions of
underground backfill structures, where lateral confinement from surrounding rock masses
restricts deformation. This crack-inducing loading condition therefore delivers a more
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representative assessment of the self-healing behaviour of CPB under field-relevant stress
states, providing a valuable basis for correlating laboratory findings with field performance.

o The results underscore the critical role of crack type in controlling the sustained durability
and containment performance of CPB structures in deep mines. Designs and operational
practices that minimize tensile crack formation while promoting confined compressive
stress states are more likely to ensure efficient self-healing and sustained stability of
underground backfill.

In summary, the findings contribute to a new mechanistic understanding of the stress-dependent
self-healing behaviour of CPB. By clarifying the links between crack mode, healing efficiency, and
microstructural processes, the findings contribute to advancing predictive models and sustainable
design strategies for durable mine backfill systems. Despite the novel contributions of this study,
several research gaps remain that merit further investigation. Future investigations should
explicitly quantify groundwater inflow effects and coupled THMC-cyclic loading on healing across
crack modes. Longer-term studies with varied binders/tailings, mechanistic modeling that links
crack geometry to precipitation kinetics, and in-situ validation in backfilled stopes are also
recommended.
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Abstract

The incorporation of supplementary cementitious materials (SCMs), such as blast furnace slag
(BFS) and fly ash (FA), provides a promising strategy to optimize cemented paste backfill (CPB)
by reducing operational costs, enhancing durability, and reducing the carbon footprint. This study
systematically investigates the effects of partially replacing cement with BFS or FA on the
autogenous self-healing behaviour of the CPB system. Four binder blend ratios (i.e., cement/SCM
ratio of 100/0, 80/20, 50/50, and 20/80) were evaluated based on crack closure observations,
uniaxial compressive strength, hydraulic conductivity, and porosity-related parameters. Results
show that the appropriate BFS contents promote self-healing efficiency at early and long-term
healing stages compared with cement-only CPB, attributed to the secondary latent hydraulic
reactions between BFS and calcium hydroxide, leading to the formation of C-(A)-S-H gels and
microstructural densification. The pre-cracked PCI/BFS:50/50 specimens exhibited the highest
healing efficiency at 28 days of self-healing, with strength exceeding the uncracked control by 17.2%
and hydraulic conductivity recovery reaching 81.8%, whereas at 90 days, superior long-term
performance was observed for the PCI/BFS 80/20 mixture, achieving a 21.4% strength increase
relative to the uncracked control and 96.2% recovery in hydraulic conductivity. In contrast, FA
incorporation resulted in progressively reduced self-healing efficiency with increasing FA content
due to its intrinsic physical characteristics and delayed pozzolanic reactivity. While the PCI/FA
80/20 mixture recovered strength comparable to the uncracked control, higher FA contents (50/50
and 20/80) exhibited significantly inferior strength recovery (13.3% and 23.2% lower than controls,
respectively) and limited hydraulic conductivity recovery. Across both SCM systems, the formation
and sufficiency of self-healing products, such as C-(A)-S-H, calcite, and ettringite, primarily
govern the overall self-healing performance. These findings provide critical insights for designing
CPB with improved autogenous self-healing capacity and optimized binder formulations for field
applications.

Keywords: Cemented paste backfill; Blast furnace slag; Fly ash; Autogenous self-healing;
Microstructure; Hydraulic conductivity; Mechanical strength

6.1 Introduction

Mining, as a fundamental engineering discipline, has played a crucial role in the advancement of
civilization, modernization, and economic development of many nations across the world. As
surface and near-surface mineral resources become increasingly depleted, the increasing
consumption and demand for minerals are driving the industry toward deeper mining operations,
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with depths exceeding 4 kilometers, as exemplified by the Mponeng Gold Mine in South Africa,
currently recognized as the deepest mine globally (Dong et al., 2019; Manzi et al., 2015; Ranjith
et al., 2017). Consequently, vast quantities of mining waste have been generated during the mining
activities and mineral processing, primarily in the form of processed tailings. An estimated 13
billion tonnes of tailings are produced annually, and this figure continues to increase, making
tailings the largest waste stream globally (Franks et al., 2021; UNEP, 2020; Valenta et al., 2023).

Surface tailings disposal, such as in tailings dams or ponds, presents significant geotechnical
hazards and environmental risks to nearby communities and ecosystems, such as mine tailings dust,
tailings dam failures, acid mine drainage (AMD), cave-ins, ground subsidence, and underground
void collapses (Azam & Li, 2010; Ighalo et al., 2022; Kratzsch, 2012; Rico et al., 2008). Rising
public awareness, along with the enforcement of stricter regulations, is compelling the mining
industry to implement more efficient and sustainable techniques for the management of waste
tailings. As a result, the industry has developed underground tailings disposal methods, including
cemented hydraulic, rock, and paste backfills, which not only stabilize underground mined-out
voids (stopes) but also provide an efficient solution for tailings disposal (Grice, 1998; Sveinson,
1999). Among these, cemented paste backfill (CPB) has gained prominence as an advanced
engineered solution and is extensively used in modern mining operations, particularly in Canada
and Australia (Fall & Benzaazoua, 2005; Kesimal et al., 2005). Its widespread adoption is driven
by several advantages, including enhanced support for surrounding rock masses and underground
structures, improved safety in underground working environments, reduced reliance on surface
tailings storage, and increased overall mine productivity (Grice, 1998).

CPB is a cementitious material formulated from typically 70-85 wt.% of dewatered tailings, 3-7
wt.% of hydraulic binder, and either processed mine water or fresh water (Fall & Benzaazoua, 2005;
Qi & Fourie, 2019). Once placed underground, CPB must meet certain load-bearing requirements
to ensure a safe working environment while also exhibiting low permeability to act as a barrier
against oxygen diffusion and underground water seepage to mitigate the formation of AMD,
contributing to the long-term stability and durability of the backfill structure. The mechanical and
permeability properties of CPB are predominantly governed by the hydraulic binder, with Portland
cement (PC) commonly employed as the primary binder in CPB formulations (Fall et al., 2009).
These properties development is largely associated with the generation of hydration products,
including calcium silicate hydrates (C-S-H), ettringite, and calcium hydroxide (CH), which act as
the binding agents between particles. In general, higher cement content leads to increased strength
and reduced permeability. However, backfilling operations account for approximately 20% of total
mine operating costs, with PC consumption representing up to 75% of backfilling expenses
(Hassani et al., 2007; Grice, 1998). Furthermore, PC is vulnerable to sulfate attack when sulfide-
rich tailings are used, which can hinder strength development in CPB structures (Ercikdi et al.,
2009; Fall & Pokharel, 2010). Moreover, the production of PC accounts for approximately 5-8%
of global anthropogenic CO2 emissions (Damtoft et al., 2008). To address these challenges, there
is a growing trend toward the partial replacement of PC with more cost-effective and
environmentally sustainable SCMs, such as BFS and FA. This substitution not only reduces
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backfilling costs but also mitigates the environmental impact of PC production, particularly by
lowering carbon dioxide (CO2) emissions (Ogunmakinde et al., 2022).

BFS and FA are by-products of industrial processes and are classified as solid waste materials. FA,
typically characterized by its spherical shape and smooth texture, is lighter and finer compared to
BFS, which exhibits a sub-rounded to angular morphology with distinct asperities and edges
(Behera et al., 2020a; Behera et al., 2021; Sinsiri et al., 2010). Both materials are commonly used
as SCMs in paste backfill and primarily consist of SiO», Fe>03, Al>O3, TiO2, K20, CaO, SOs, P20s,
MgO, and Na>O (Behera et al., 2021; Kar, 2021). The lime saturation factor (LSF), quantified by
the ratio of lime to the combined contents of silica, alumina, and iron oxide, determines their
suitability as partial replacements for PC in mine backfill applications (Behera et al., 2020b).
Owing to their distinct chemical, physical, and pozzolanic properties, numerous studies
(Arachchilage et al., 2023; Behera et al., 2020b; Behera et al., 2020a; Jiang et al., 2020a; Jiang et
al., 2020b; Kesimal et al., 2005; Li & Fall, 2018; Xiao et al., 2021; Yilmaz et al., 2011b; Yilmaz et
al., 2011a) have explored the incorporation of BFS and FA as partial PC replacements to enhance
the engineering performance of CPB, including strength development, microstructural refinement,
and resistance to sulfate attack. Jiang et al. (2020a) reported that replacing cement with alkali-
activated slag significantly improved strength after 28-day curing, achieving uniaxial compressive
strength (UCS) values of 3 MPa with an 8% binder content. Similarly, Yilmaz et al. (2011a)
observed that increasing binder content (i.e., cement-to-slag ratio of 20:80 wt.%) led to porosity
refinement and a reduction in average pore diameter due to the formation of additional hydration
products. The partial replacement of PC with FA has also been demonstrated to enhance strength
by improving the interfacial bonding between tailings particles and binder hydration products
(Zhao et al., 2020; Zhou et al., 2021). Qi1 et al. (2015) investigated the early-age compressive
strength and microstructural characteristics of CPB containing FA and found that higher FA content
reduced porosity and improved strength due to its high pozzolanic activity and reduced presence
of large pores. Additionally, the high pozzolanic content of FA enhances resistance to sulfate attack,
thereby contributing to the long-term stability of CPB, particularly when sulfide-rich tailings are
used (Kesimal et al., 2005). However, variations in coal sources, power plant combustion efficiency,
and metal extraction processes lead to inconsistencies in the physical and chemical properties of
BFS and FA, which may adversely affect the performance of CPB (Behera et al., 2021). Jiang et
al. (2020b) noted that an increased substitution of PC with slag led to a substantial reduction in
UCS at all curing ages owing to the relatively low pozzolanic reactivity of slag. Similarly, Yilmaz
et al. (2011b) reported that CPB containing FA exhibited lower UCS values at early curing ages
(up to 28 days). Klein & Simon (2006) further indicated that a 70:30 PC:FA binder blend
contributed minimally to strength development during the first year of curing. These findings
highlight the need for careful selection and optimization of SCMs to attain the desired performance
in CPB applications.

In the field, various internal and external factors, such as initial structural defects, shrinkage, sulfate
attack, overburden pressure, stresses from surrounding rock closure or ground movement, and
uneven load distribution, can induce cracks in CPB structures during curing. The propagation of
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these cracks compromises both the structural integrity and environmental performance of CPB.
Autogenous self-healing has been introduced and explored in the CPB materials as a promising
solution to mitigate these challenges, enabling the restoration of mechanical strength and
permeability of cracked CPB samples, primarily resulting from two mechanisms: (i) continued
hydration of cement particles and (ii) carbonation of CH (Quan & Fall, 2024, 2025a). However,
the healing mechanism and efficiency of CPB when incorporating BFS or FA as a mineral additive
remain unclear, as reaction conditions within cracks differ from those in the bulk CPB matrix. In
conventional cementitious materials, FA enhances long-term strength through pozzolanic reactions,
while its secondary hydration promotes self-healing, particularly in shrinkage-induced cracks
(Termkhajornkit et al., 2009; Thomas, 2007). Similarly, BFS improves resistance to chloride and
sulfate attacks, with unreacted particles providing significant self-healing potential over time.
Studies have also shown that slag-rich cement pastes and alkali-activated slag-based composites
exhibit superior crack-sealing properties, improving durability and reducing permeability
(Darquennes et al., 2016; Huang et al., 2014; Nguyén et al., 2018). However, the properties of CPB
differ significantly from conventional cementitious materials due to its much lower cement content,
higher water-to-binder (w/b) ratio, and finer particle gradation, limiting the direct applicability of
existing findings. Hence, this work experimentally evaluates how BFS and FA influence the
autogenous self-healing capacity and response of CPB, clarifying its underlying healing
mechanisms.

6.2 Materials and Methods

6.2.1 Materials

6.2.1.1 Tailings

The mineralogical composition and physical properties of tailings vary depending on different ore
types and metallurgical processes. To minimize uncertainties associated with the variable
composition and reactivity of natural tailings, synthetic silica tailings (ST) supplied by U.S. Silica
in Katy, Texas, were utilized in the formulation of CPB mixtures for this study. ST consists of 99.8%
quartz (S102), the dominant mineral in many Canadian hard rock mine tailings, along with minor
amounts of AlO3 (0.05%) and Fe2O3 (0.035%). Due to its chemically inert nature, ST ensures
consistency in experimental results. Containing roughly 43 wt.% of particles smaller than 20 um,
ST is categorized as medium tailings and its particle size distribution (PSD) is comparable to that
of the average natural tailings (NT) obtained from nine mines in eastern Canada, as shown in Figure
6-1. Table 6-1 presents the physical properties of ST alongside the average values of the nine
Canadian mine tailings.

6.2.1.2 Hydraulic binders and mixing water

The binders used in this study for CPB preparation included Portland cement Type I (PCI),
granulated blast furnace slag (BFS), and Type C fly ash (FA). PCI, the most commonly used binder
in the mining industry, served as the primary binder. The BFS (S80 grade) was supplied by Lafarge
Canada Inc. and primarily comprised 41.14% CaO, 34.43% Si0O2, 10.98% MgO, and 9.54% ALOs.
Given that, the quality coefficient [Kq=(CaO+ Al.O3+MgO)/(Si0O2)] is determined to be 1.7, which
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can be considered as good hydraulic activity (Burciaga-Diaz & Betancourt-Castillo, 2018; Jiang et
al., 2020a). The FA was a commercial product from ENX Inc., with a main composition of 38.06%
Si02, 21.47% Ca0, 19.45% Al>03, 5.58% MgO, and 5.33% Fe>O3 (as shown in Table 6-2). Figure
6-1 illustrates the PSDs of these three binders, while Table 6-2 summarizes their chemical and
physical properties. The chemical composition analysis was conducted using X-ray fluorescence
(XRF), and the specific surface areas of the materials were determined by gas physisorption using
the Brunauer-Emmett-Teller (BET) method. Tap water was employed to prepare fresh CPB
mixtures.
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Figure 6-1. Particle size distribution curves of raw materials: silica tailings (ST), Portland cement
type I (PCI), granulated blast furnace slag (BFS), and fly ash (FA).

Table 6-1. Physical characteristics of the STs and the average of nine NTs in eastern Canada.

Dio Dso Dso Deo

Element Gs Cu C.
(um)

ST 2.7 1.9 9.0 22.5 31.5 16.6 1.3

Nine NT average - 1.8 9.1 20.0 30.8 17.1 1.7

Gs: specific gravity; Cu: coefficient of uniformity; Cc: coefficient of curvature.

Table 6-2. Characteristics of the used binders.

Binder MgO CaO Si0; ALO;  FexO3 SO3 SSA

type (%0) (m’/g)
PCI 265  68.82 1803 453 270  3.82  1.26
BFS 1098  41.14 3432 9.54 - 387 5.80
FA 558 2147 3806 1945 533 270 220

SSA: specific surface area.
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Table 6-3. Summary of experimental program for each testing batch of CPB specimens.

Sample Binder content PCI in Binder BFS in Binder FA in Binder w/b IC PC level Self-healing period
nomenclature (wt.%) (Wt.%) (Wt.%) (Wt.%) ratio  (day) v (day)
Self-healing behaviour in CPB with the addition of BFS

100 0 0
80 20 0 90% of UCS
PCI-BFS 4.5 50 50 0 7.35 7 after IC 7,28, and 90 days
20 80 0
Self-healing behaviour in CPB with the addition of FA
100 0 0
80 0 20 90% of UCS

PCI-FA 4. .

C 5 50 0 50 7.35 7 after IC 7,28, and 90 days
20 0 80
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6.2.2 Specimen Preparation and Initial Curing

The experimental program comprised two batches of CPB specimens to examine the self-healing
response of PCI/BFS and PCI/FA binder systems. Five cement-to-additive (c/a) ratios were
examined, i.e., 100/0, 80/20, 50/50, and 20/80 by weight, while maintaining a fixed total binder
content of 4.5 wt.%. As outlined in Table 6-3, precise quantities of solid materials, including ST,
PCI, BFS, or FA, were weighed and subjected to a 1-minute dry mixing in a mechanical mixer to
ensure uniform particle distribution. Subsequently, the required mixing water was then added to
achieve a water-to-binder (w/b) ratio of 7.35, followed by wet mixing for 7 minutes until obtaining
a homogeneous CPB mixture. It is noteworthy that such relatively w/b ratios, compared to
conventional concrete or mortar, are typically employed in CPB to provide adequate fluidity and
pumpability, enabling efficient underground transport and complete filling of mine stopes despite
the low binder content. Fresh materials were cast into cylindrical molds (50 mm diameter x 100
mm height) for subsequent testing. All specimens underwent 7 days of initial curing (IC) at ambient
laboratory conditions prior to crack introduction. In total, 290 cylinders were prepared to assess
how mineral additives influence the self-healing capacity of CPB.

6.2.3 Crack Initiation and Exposure Condition

The initial compressive strength of the cast CPB specimens was determined after the 7-day initial
curing phase using uniaxial compressive strength (UCS) tests in accordance with ASTM C39
(ASTM, 2021). Previous studies (Fall et al., 2009; Quan & Fall, 2025b) suggest that microcracks
begin to initiate and propagate under the uniaxial compression loading when the applied load
reaches approximately 75% or beyond of the UCS of CPB specimens. In this study, CPB specimens
were subjected to a controlled pre-cracking level of 90% of their respective initial UCS values (i.e.,
PC90%) in the pre-peak phase. Upon reaching the designated loading threshold, the applied load
was held for one minute before being released to facilitate the formation and propagation of micro-
and macro-cracks within the CPB matrix. All loading was performed on a computer-controlled
MTS 10/GL frame operated at a displacement rate of 1 mm/min, with a normal load setting of 50
kN. Companion control specimens (PC0%) were not subjected to any pre-loading and served as
references for subsequent comparisons.

Immediately after pre-cracking, each specimen was imaged with a digital microscope (up to 200x%)
to document crack geometry before any healing could occur. The pre-cracked samples were then
sealed in plastic film and stored at 23+2°C alongside uncracked controls for the self-healing
(cracked) and concurrent curing (controls) phases. This sealed, ambient-temperature conditioning
limits moisture exchange and other exogenous influences, allowing the intrinsic autogenous
healing of CPB to be isolated and interpreted with reduced uncertainty. In this study, the day of
pre-cracking was designated as D0, marking the initiation of self-healing. Subsequent evaluations
were conducted on D7, D28, and D90 to assess self-healing efficiency over 7, 28, and 90 days,
respectively (hereafter referred to as the ‘self-healing period’) of the pre-cracked specimens. For
clarity and ease of comparison, the corresponding uncracked control specimens were labeled as
‘curing period’ of DO, D7, D28, and D90. Both the pre-cracked and control specimens share the
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same total paste age of 0+7, 7+7, 28+7, and 90+7 days at the respective self-healing or curing
periods of 0, 7, 28, and 90 days. The overall experimental program is summarized in Table 6-3.

6.2.4 Self-healing Performance Evaluation

The self-healing performance of CPB or tailings-based cementitious composites is evaluated using
parameters that directly reflect the recovery of both structural integrity and durability; in particular,
compressive strength restoration quantifies the regained load-bearing capacity, while reductions in
hydraulic conductivity capture the re-establishment of matrix impermeability and refinement of
transport pathways. In addition, crack closure observations and microstructural analyses
corroborate the formation and filling of healing products within cracks and voids, providing widely
recognized and reliable indicators of autogenous self-healing effectiveness in cementitious
materials.

6.2.4.1 Mechanical property

To evaluate the self-healing efficiency in terms of mechanical performance, UCS tests were
conducted on the pre-cracked CPB specimens after self-healing periods of 7, 28, and 90 days based
on ASTM C39/C39M-21 standard (ASTM, 2021). The recovered strength of the healed pre-
cracked specimens was compared to both the pre-cracked specimens prior to healing and the
uncracked reference control specimens. All tests were performed in triplicate to ensure the
reproducibility and reliability of the results. To quantitatively assess the strength recovery, a healing
index, termed the relative change in compressive strength (CCS), was introduced. This index
reflects the degree of mechanical restoration and is calculated using the following equation:

CCS (%): Spre—cracked/healed - Scontrol (6_ 1 )

Scontrol

where Spre-crackea Tepresents the initial UCS of the pre-cracked specimens measured at DO
(immediately after the pre-cracking process), Siealea denotes the UCS value of healed pre-cracked
specimens at the designated self-healing period, and Sconsor represents the UCS of uncracked
control specimens tested under identical self-healing conditions and periods.

6.2.4.2 Permeability property

Permeability is a critical parameter in CPB applications, as it governs the migration of water,
contaminants, and other fluids through the backfill matrix, which in turn, directly affects the long-
term performance, durability, and environmental containment capacity of CPB structures. In this
study, saturated hydraulic conductivity, which quantifies the rate of water flow through a saturated
CPB matrix and serves as a key indicator of the permeability and integrity of the material, was
adopted to assess the evolution of transport properties throughout the self-healing period. Hydraulic
conductivity tests were performed on pre-cracked and control (uncracked) CPB specimens pre- and
post-healing. The tests employed a triaxial cell with a flexible wall technique in accordance with
ASTM D5084-16a (ASTM, 2016). The saturated hydraulic conductivity, k.., was calculated as
follows:
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AQ-L

K= s (6-2)

where k represents the hydraulic conductivity, cm/s; AQ denotes the quantity of flow during a
certain time interval A¢, calculated as the average of inflow and outflow, cm?; L signifies the length
of the specimen, cm; A represents the cross-sectional area of the specimen, cm?; At is the time
interval, s; and 4k corresponds to the average head loss of across the specimen, cm of water.

To quantify the self-healing efficiency in terms of permeability, a hydraulic conductivity recovery
ratio (HCRR) was defined and calculated as follows:

HCRR (%) = “=x100% (6-3)
0
where ko denotes the initial hydraulic conductivity, cm/s, measured immediately after pre-cracking;

k: refers to the hydraulic conductivity, cm/s, measured following a given self-healing period.

6.2.4.3 Crack characteristics

In addition to mechanical and permeability evaluations, visual inspections of the pre-cracks in CPB
specimens were carried out pre- and post-healing process using a digital microscope. For each
designated self-healing period, crack images were captured from the specimens used in the
aforementioned tests. The characteristics of microcracks (i.e., the healed crack widths) were
measured from a defined observation surface, and the values were reported as averages to represent
the extent of visible crack closure over the self-healing duration.

6.2.4.4 Microstructural analysis

To elucidate the self-healing mechanisms in CPB specimens incorporating mineral additives,
advanced analytical techniques, including scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS), thermal analysis (TG/DTG), X-ray diffraction (XRD), Mercury
intrusion porosimetry (MIP), and Fourier transform infrared spectroscopy (FTIR), were employed.
SEM-EDS was performed using a JEOL 6610LV SEM in low-voltage mode, equipped with an
Oxford INCA large-area SDD detector, to characterize the microstructural morphology and
elemental composition of healing products formed within cracks of BFS- and FA-incorporated CPB.
XRD analyses were conducted using a Bruker D8 Endeavor diffractometer with a 1 kW sealed-
tube Cu Ka radiation source (40 kV, 25 mA) and a Lynxeye XE-T 1D detector, facilitating the
identification of crystalline phases associated with mineral additive-induced hydration products.
MIP measurements were performed using a Micromeretics AutoPore 11 9420 mercury porosimeter
to assess the pore size distribution in CPB specimens with two binder systems. FTIR spectroscopy,
performed on a Thermo Scientific Nicolet 6700 instrument, was used to detect the formation of
functional groups indicative of self-healing products. In addition, TG/DTG analysis using a Mettler
Toledo TGA 2 thermal analyzer was conducted under a nitrogen atmosphere, with a heating rate of
10 °C/min up to 1000 °C. This thermal profiling revealed the influence of varying contents of BFS
and FA on the binder hydration behaviour and the development of healing phases. Furthermore,
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porosity and void ratio of the studied specimens were monitored over time during self-healing and
computed from specific gravity tests following ASTM D854 (2023).

6.3 Experimental Results and Discussion

6.3.1 Effect of BFS Incorporation on Self-healing Efficiency

6.3.1.1 Compressive strength development and recovery behaviour

Strength development of uncracked control specimens
The compressive strength development of PCI/BFS uncracked control specimens with varying BFS

contents is illustrated in Figure 6-2a. As shown, the compressive strength increases with an
extended curing period, regardless of BFS dosage. However, the influence of BFS content on
strength development significantly varies along the curing periods.

Following the initial curing phase (at DO of the curing period), the PCI/BFS:50/50 and 20/80
specimens exhibit approximately 23% and 5% higher initial compressive strength, respectively,
compared to the PCI/BFS:100/0 reference specimens (Figure 6-2a). This strength enhancement is
partially a result of the filler effect of BFS due to its smaller particle size relative to the STs, as
shown in Figure 6-1. The finer BFS particles can accommodate voids between cement and/or
tailings grains, refining the microstructure of the PCI/BFS matrix and enhancing its early
mechanical properties (Escalante et al., 2001; Manmohan & Mehta, 1981). In addition to the
simultaneous binder hydration, the precipitation of hydration products further densifies the packing
of the specimen matrix, contributing to strength development. This argument is supported by the
results of porosity and void ratio tests on the control PCI/BFS specimens. As is seen in Figure 6-3a,
the incorporation of BFS leads to an evident reduction in both parameters, particularly as the BFS
content increases. These performances are consistent with previous findings (Fall & Pokharel, 2010;
Pokharel & Fall, 2011; Xiao et al., 2021). Moreover, in specimens with high BFS content (i.e., >
50%), the alkaline environment generated by cement hydration (with a minimum pH of >12.3 in
PCI/BFS:20/80) can initiate early latent hydraulic reactions in PCI/BFS system, which contribute
to the formation of secondary C-S-H and enable early strength development, even as the PCI
content decreases due to BFS replacement. Previous studies have demonstrated that even modest
levels of alkaline activators can promote the early hydration of fine slag, with a pore solution pH
of approximately 12 being sufficient to initiate slag activation, which is evidenced by measurable
heat evolution and the formation of C-S-H and other hydration products (Bijen, 1996; Lim & Wee,
2000; Xu et al., 2022). In contrast, the limited BFS content in the PCI/BFS:80/20 specimen does
not provide a sufficient filler effect to enhance particle packing, nor is the dosage high enough to
engage in effective early-age hydration. Moreover, the relatively high PCI contents in both the
PCI/BFS:80/20 and 100/0 specimens promote the rapid formation of cement hydration products,
which precipitate on the surfaces of cement and/or slag particles. This leads to the development of
a hydration product coating that hinders the water contact, thereby slowing the progression of
hydration in the early stage, thus exhibiting comparatively lower early-age strength development
(Ghirian & Fall, 2015; Hewlett & Liska, 2019).
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Figure 6-2. (a) UCS development of uncracked control PCI/BFS specimens, and (b) development
of UCS and CCS in pre-cracked PCI/BFS specimens during self-healing periods of 0, 7, 28, and
90 days.

By the time the self-healing period reaches 28 days (i.e., paste age of 35 days), the strength profiles
of PCI/BFS specimens begin to shift. The PCI/BFS:50/50 control specimens achieve the highest
compressive strength, indicating an optimal synergy between cement hydration and slag activation.
BFS does not react directly with water but is instead activated by CH, which is a byproduct of
cement hydration. Therefore, cement not only facilitates its own hydration but also contributes to
the necessary alkaline environment, primarily through CH, for activating the latent hydraulic
properties of BFS. These coupled reactions promote the generation of hydration phases, including
C-S-H, ettringite, and CH, within the microstructure-refined matrix, delivering a denser and more
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refined pore structure (Fall et al., 2009). As evidenced in Figure 6-3a, a noticeable decrease in the
porosity of the PCI/BFS:50/50 control specimen can be observed between D7 and D28. Add to that,
MIP results in Figure 6-4 further confirm this finding; at 28 days, the PCI/BFS:50/50 mix exhibits
a finer microstructure and a reduced threshold pore diameter compared to PCI/BFS:100/0.
Meanwhile, the PCI/BFS:80/20 and 100/0 specimens continue to gain strength through sustained
binder hydration. However, the PCI/BFS:20/80 specimens exhibit almost a plateau in strength
development. This is likely due to the limited PCI content, which constrains the cement hydration
and amount of available CH for activating the large proportion of BFS (Taylor, 1997), resulting in
a significant portion of the BFS likely remaining unreacted and limiting further strength
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Figure 6-3. Variations in porosity (n) and void ratio (e) in CPB specimens containing different
dosages of (a) BFS and (b) FA over self-healing periods of 0, 7, 28, and 90 days.
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At the extended self-healing period of 90 days (i.e., paste age of 97 days), the PCI/BFS:80/20
control specimens attain the highest compressive strength among all other mixes, as seen in Figure
6-2a. This long-term strength development results from continuous cement hydration and a delayed
activation of slag. The appropriate BFS content, combined with residual cement, allows continued
generation of both primary and secondary hydration products, which densify the matrix and
significantly enhance strength. Thermal analysis supports this interpretation. As shown in Figure
Sa, the PCI/BFS:80/20 specimens exhibit relatively higher weight loss ranging from 50 °C to
200 °C compared to other mixes, indicating a higher extent of binder hydration and increased
generation of hydrates, particularly C-S-H, ettringite, and carboaluminates (Bhatty, 1991; Pane &
Hansen, 2005). These hydration products enhance particle bonding, thereby contributing to
strength development. In contrast, the PCI/BFS:100/0 specimens, which lack supplementary
cementitious material, show lower long-term strength despite the continuous cement hydration.
The PCI/BFS:50/50 mix, though strong at earlier ages, may have reached a plateau in reactivity,
with most of its CH consumed and limited residual cement available to sustain further hydration.
For the PCI/BFS:20/80 mix, the low cement content results in insufficient CH generation and an
inadequately alkaline environment for prolonged BFS activation, thus limiting long-term strength
gain.
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Figure 6-4. Pore size distributions of CPB specimens consisted of PCI only, PCI/BFS:50/50, and
PCI/FA:50/50 at a paste age of 28 days.
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Figure 6-5. Comparison of TG/DTG profiles for (a) control (PC0%) PCI/BFS specimens, and (b)
control and PC90% pre-cracked PCI/BFS:80/20 specimens after 90 days of self-healing.

Strength recovery of pre-cracked specimens through self-healing

Regarding the influence of BFS on the self-healing efficiency in strength, Figure 6-2b represents
the compressive strength variations of pre-cracked PCI/BFS specimens in comparison with their
uncracked control specimens over the self-healing period up to 90 days. The index change in
compressive strength (CCS), defined and determined as in Eq. 6-1, is utilized to quantify the self-
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healing efficiency and is shown on the right axis of the figure. Overall, most pre-cracked PCI/BFS
specimens exhibit gradual strength and improved recovery as the self-healing time progresses,
reflected by positive CCS values. The exception is the PCI/BFS:20/80 mixture, which presents
negative CCS values, indicating a net loss of strength relative to its uncracked control specimens.

The PCI/BFS:100/0 specimens, which contain only PCI as the binder, demonstrate a self-healing
performance comparable to that reported in previous studies (Quan & Fall, 2025b, 2025¢). It is
shown in Figure 6-2b that the compressive strength of pre-cracked PCI/BFS:100/0 specimens is
nearly restored to that of the uncracked controls within only 7-day self-healing. This favourable
healing performance results from two primary processes: (i) continued hydration of unhydrated
cement particles, producing C-S-H and CH, and (ii) carbonation of CH, forming CaCO3 (Quan &
Fall, 2025a). The generated healing products precipitate within the cracks, pores and voids to fill
and bridge the space gaps between the particles, which facilitates the crack closure and the pore
structure refinement, thereby resulting in the restoration of strength (Quan & Fall, 2025¢). With
increasing self-healing duration, the continued formation of healing products further enhances both
strength and stiffness of the pre-cracked specimens, and the CCS values reach 10.2% and 18.5%
subsequent to 28- and 90-day self-healing period, respectively.

The introduction of BFS into the CPB matrix at proper content (i.e., PCI/BFS:80/20) generally
improves self-healing capability in strength recovery, particularly during the 28- (intermediate) and
90-days (advanced) self-healing periods, as clearly shown in Figure 6-2b. Although the limited
filler effect from the small amount of BFS and the delayed hydration process result in less effective
early hydration after initial curing, the pre-cracked PCI/BFS:80/20 specimens still achieve
compressive strength comparable to their controls after 7 days of self-healing, primarily due to
continued binder hydrations and relatively enhanced internal porosity. The high cement content not
only supports the aforementioned hydration mechanisms but also elevates the electrolyte
concentration in the pore solution and reduces water content. These changes decrease the thickness
of diffuse double layers (DDL), thereby effectively increasing the pH of the matrix (Ali et al., 2021;
Mojid, 2011; Négele, 1986). A higher pH environment facilitates the slag activation, promoting the
secondary hydration and production of C-S-H within microcracks and pores, thereby enhancing
the particle bonding and strength recovery (Sun et al., 2022; Ye & Radlinska, 2016). This healing
behaviour becomes more pronounced as the self-healing progresses. From 28 days onward,
PCI/BFS:80/20 specimens outperform PCI/BFS:100/0 in self-healing efficiency with an
achievement of CCS value of 13.4%. Furthermore, continuous cement hydration and slag
activation, coupled with refined microstructure, allow the pre-cracked PCI/BFS:80/20 specimens
to obtain the greatest self-healing efficiency among all mixes with a CCS value of 21.4% at the 90-
day self-healing stage. The abundant CH from cement hydration enables continued pozzolanic
reactions with BFS, resulting in the production of C-S-H gels which benefits the strength
restoration. This is corroborated by thermal analysis results in Figure 6-5a, which exhibits the
PCI/BFS:80/20 specimens having the greatest weight loss at temperatures between 50 °C and
200 °C, indicating the highest degree of hydration. In other words, the substitution of BFS for PCI
does not diminish the healing efficiency; on the contrary, it enhances the healing performance with
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appropriate content. This improvement is attributed to the hydration reactions driven by the latent
hydraulic activity of BFS, which promote the continuous formation of self-healing products within
the crack network. In addition, the thermal analysis in Figure 6-5b reveals relatively overall greater
weight loss for the pre-cracked PCI/BFS:80/20 specimens compared to the controls, which
suggests that the presence of cracks could facilitate the hydration and carbonation reactions, further
strengthening the long-term self-healing. This supplementary improvement in healed strength is
largely associated with the initiated cracks which act as the channels for air/fluid transport, allowing
the evaporation of extra water from CPB specimen matrix, thus promoting the hydration degree
with relatively larger production of hydrates (Bisschop & Wittel, 2011; Quan & Fall, 2025a; Zhao
et al., 2020).

When the BFS content is increased to 50% (i.e., PCI/BFS:50/50), a more effective self-healing
performance is recognized through the initial 28-day self-healing period, as observed in Figure
6-2b. Note that the pre-cracked PCI/BFS:50/50 specimens achieve higher healed strengths than
those of their controls after only 7 days of healing. The most pronounced healing efficiency is
achieved at 28 days of self-healing, with a CCS value rising to 17.2%. This augmented performance
results from the synergistic interactions between cement hydration and slag activation. Upon water
exposure, tricalcium silicate (C3S) and dicalcium silicate (C2S) in PCI react to produce C-S-H and
CH. The accumulation of CH provides an alkaline environment that activates BFS, which then
reacts to produce C-S-H through secondary hydration (Niu et al., 2002). XRD patterns presented
in Figure 6-6 reveal that the PCI/BFS:50/50 specimens exhibit comparable intensities of hydration
products as PCI/BFS:100/0 specimens and higher than PCI/BFS:80/20 specimens, suggesting the
promising formation of self-healing products. Additionally, the filler effect of BFS results in denser
packing and reduced void volumes at the same pre-cracking level, further contributing to the
notable healing performance given similar or higher amounts of self-healing products. However,
healing efficiency is observed to slightly diminish upon prolonging the self-healing period to 90
days, primarily due to the depletion of cement and CH (Pokharel & Fall, 2011; Taylor, 1997).
Nonetheless, a satisfactory CCS value of 10.0% is still attained.

In contrast, specimens with high BFS content (i.e., PCI/BFS:20/80) exhibit inferior self-healing
performance, as shown in Figure 6-2b. It can be seen that the pre-cracked PCI/BFS:20/80
specimens are unable to achieve full recovery in compressive strength, consistently remaining
lower than the control specimens over the self-healing period, as indicated by the negative CCS
values across all healing ages. Initially, the filler effect resulting from the high BFS content favours
bridging the gaps between tailings and/or PCI particles. This densified packing pattern enhances
interparticle friction and produces the finest pore structure among the studied mixes, contributing
to an initial strength increase. However, despite the integration of binder hydration, the pre-cracked
PCI/BFS:20/80 specimens exhibit limited healing performance. The reduced availability of PCI
leads to a decrease in CH production and a lower alkaline environment, both of which are crucial
for activating and hydrating BFS. This insufficient activation restricts the secondary formation of
C-S-H required to bridge and bond the crack gaps, thereby limiting the long-term strength recovery.
Moreover, the amount of C-S-H produced solely from PCI hydration is inadequate to sustain
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prolonged self-healing. Carbonation reaction, which acts as one of the main autogenous healing
mechanisms, is also diminished as CH is consumed by the excessive unreacted BFS. As a result,
healing efficiency is compromised with increasing BFS content and decreasing PCI proportion.
This observed trend is confirmed by the thermal analysis results in Figure 6-5a, which presents less
weight loss of decompositions in the PCI/BFS:20/80 specimens, indicating the insufficient
formation of healing products within the matrix.
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Figure 6-6. Comparison of XRD patterns of control and pre-cracked PCI/BFS specimens after a
self-healing period of 28 days (Q: Quartz; E: ettringite; Gyp.: gypsum; C-S-H: calcium-silicate-
hydrate; C: calcite).

6.3.1.2 Hydraulic conductivity

Changes in saturated hydraulic conductivity (ks«) were measured to evaluate the impact of BFS
incorporation on the self-healing efficiency in the permeability of the CPB matrix. Figure 6-7a
presents the evolution of hydraulic conductivity in uncracked PCI/BFS control specimens with
varying BFS contents over the curing period. The healing efficiency in terms of permeability for
the pre-cracked PCI/BFS specimens was quantitatively assessed using Eq. 6-3, relative to the
control specimens, and is expressed as the hydraulic conductivity recovery ratio (HCRR), shown
on the secondary y-axis in Figure 6-7b.

As seen in Figure 6-7a, ks of the uncracked PCI/BFS control specimens decreases with the
progression of self-healing (paste age), irrespective of the BFS contents. This reduction in
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hydraulic conductivity is associated with the continued binder hydrations of PCI and/or BFS, which
produce the hydration products, such as ettringite, C-S-H, CH, and calcite, to fill the crack network
and available voids, leading to a refined pore structure and diminished internal porosity, thereby
contributing to the gradual decrease in hydraulic conductivity (Fall et al., 2009). Evidence from the
results of porosity tests conducted on the PCI/BFS control specimens in Figure 6-3 confirms this
argument, manifesting a decline in both parameters due to the microstructural enhancement.
Notably, the introduction of BFS into the CPB matrix results in a notable decrease in hydraulic
conductivity, with the PCI/BFS:100/0 specimens exhibiting the highest permeability throughout
the entire study period. This enhancement from BFS results primarily from the combined influence
of'its filler effect and pozzolanic reactivity. The fine BFS particles physically occupy the voids and
pores between the larger PCI and tailings grains to decrease the internal porosity, resulting in a
denser particle distribution (Sohn & Moreland, 1968; Fall et al., 2009). Moreover, as the hydration
progresses, the cement hydration and pozzolanic reaction between BFS and CH generate additional
hydration products, particularly C-S-H gels. These products further densify the matrix by filling
capillary pores and decreasing pore connectivity, ultimately lowering the hydraulic conductivity of
PCI/BFS specimens. This microstructural refinement is corroborated by MIP test results on the
control specimens, as illustrated in Figure 6-4. The figure shows that the threshold pore diameter
of the PCI/BFS:50/50 specimens is 0.47 pum, which is smaller than that of the PCI/BFS:100/0
specimens (0.58 um), indicating lower cumulative pore volume and a more refined microstructure
in the BFS-incorporated system.

The presence of BFS contributes not only to the recovery of mechanical performance but also to
the permeability restoration, which is crucial for minimizing fluid migration and ensuring the long-
term durability of the backfill structure. Figure 6-7b illustrates the gradual restoration of the
hydraulic conductivity in the pre-cracked PCI/BFS samples. At the onset of the self-healing period
(D0), the hydraulic conductivity of pre-cracked samples exceeds that of uncracked controls. This
increase is attributed to the formation of crack networks (i.e., both micro- and macro-cracks) within
the CPB matrix as a result of the pre-cracking process, which serve as preferential pathways for
fluid flow and thereby exacerbate permeability (Fall et al., 2009). However, as the self-healing
process initiates, the pre-cracked specimens progressively recover their hydraulic conductivity. For
the reference specimens without BFS (i.e., PCI/BFS:100/0), the observed reduction in hydraulic
conductivity is primarily governed by two mechanisms: cement hydration and carbonation of CH
(Quan and Fall, 2025). These processes facilitate the progressive deposition of healing products
within cracks and capillary voids, which modify the pore structure and promote crack closure. As
a result, internal pore connectivity is reduced, leading to a gradual decrease in permeability.
Correspondingly, the HCRR value increases from 36.7% at 7 days to 90.1% at 90 days, reflecting
the effectiveness of these autogenous healing mechanisms over time. Moreover, the presence of
BFS imposes varying impacts on the healing efficiency in hydraulic conductivity, depending on
the BFS dosage and the duration of the self-healing. As illustrated in Figure 6-7b, the pre-cracked
PCI/BFS:50/50 specimens exhibit the most pronounced healing rate and efficiency in hydraulic
conductivity during the first 28 days, achieving an HCRR value of 81.8%. As aforementioned,
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cement hydration provides a sufficient concentration of CH, establishing a highly alkaline
environment within the matrix. When combined with an adequate BFS dosage, this environment
effectively activates the pozzolanic reaction of BFS. The resulting generation of additional C-S-H
gels fills the available pores and cracks, and, together with the initial filler effect of BFS, leads to
a significant improvement in healing efficiency. This enhanced performance is supported by the
XRD results shown in Figure 6-6. Add to that, the high specific surface area (SSA) of BFS (i.e.,
5.8 m?/g in Table 6-2) also plays a significant role in enhancing its hydration behaviour within the
PCI/BFS system. A larger SSA provides more reactive sites for interaction with the alkaline pore
solution, especially with CH produced from cement hydration. This promotes the initial dissolution
of the amorphous glassy phase of BFS, thereby accelerating the formation of secondary hydration
products (Briki et al., 2021; Yilmaz et al., 2011a). However, it is important to note that this
beneficial effect is highly dependent on the availability of CH to activate the BFS. As the cement
depletes within the matrix, the PCI/BFS:50/50 specimens exhibit a slower healing rate due to
insufficient CH concentration during the extended 90-day self-healing period. In comparison, the
PCI/BFS:80/20 pre-cracked specimens demonstrate the highest long-term healing efficiency
among the mixes, achieving an HCRR of 96.2%. This is attributed to their relatively higher cement
content, which ensures a sustained provision of CH to activate the smaller proportion of BFS, thus
enabling continued pozzolanic reactions. In the absence of external alkali sources, the cement phase
governs the development of the CPB system, as BFS activation depends on CH generated through
cement hydration. Thermal analysis results shown in Figure 6-5 corroborate this, with the
PCI/BFS:80/20 pre-cracked specimens exhibiting the largest weight loss in the 50-200 °C range,
indicating the precipitation of higher quantity of C-S-H, ettringite, and carboaluminates, which fill
internal crack cavities and block crack networks, thereby restoring the permeability.

In contrast, the PCI/BFS:20/80 pre-cracked specimens exhibit diminished self-healing
performance in hydraulic conductivity recovery. Although the high BFS content initially
contributes to a densified matrix with the lowest porosity, which results in comparatively smaller
volumes of cracks and voids to be filled at the same pre-cracking level, the limited hydration
products from both cement and BFS fail to provide effective healing performance. This reduced
healing efficiency is consistent with the lower amount of hydrates detected, as shown in Figure
6-5a, where the PCI/BFS:20/80 specimens exhibit the smallest weight losses among all mixes
tested. Furthermore, the insufficient formation of healing products weakens the capability for crack
closure, as illustrated in Figure 6-12, where PCI/BFS:20/80 pre-cracked specimens display a
comparatively smaller maximum crack width closure throughout the studied self-healing period.
Therefore, the presence of unhealed cracks governs the permeability of the matrix, leading to the
diminished self-healing performance observed in these specimens.
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Figure 6-7. (a) Hydraulic conductivity changes of uncracked control PCI/BFS specimens, and (b)
hydraulic conductivity and HCRR variations in pre-cracked PCI/BFS specimens throughout self-
healing periods of 0, 7, 28, and 90 days.

6.3.2 Effect of FA Incorporation on Self-healing Efficiency

6.3.2.1 Compressive strength development and recovery behaviour

Figure 6-8a depicts the development of compressive strength in uncracked PCI/FA control
specimens as a function of FA content and curing period. A continuous increase in strength is
observed for all PCI/FA specimens throughout the curing period, regardless of the FA contents.
This strength development is primarily due to the active binder hydrations over time, during which
the precipitation of hydration products, including C-S-H, ettringite, and CH, progressively
accommodates the capillary pores and voids within the matrix, thus leading to the pore structure
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refinement (Taylor, 1997). The corresponding reduction in porosity and void ratio of the specimens
is illustrated in Figure 6-3b. The accumulation of hydration products strengthens interparticle
bonding, improving compressive strength. However, partial substitution of PCI by FA leads to a
noticeable reduction in strength. The compressive strength decreases with increasing FA content.
Specifically, after the initial curing phase, the PCI/FA:80/20, 50/50, and 20/80 specimens
experience approximately 22%, 52%, and 68% reduction in compressive strength, respectively,
compared to the reference PCI/FA:100/0 specimens. Correspondingly, the incorporation of FA into
the CPB matrix generally undermines the self-healing efficiency as displayed in Figure 6-8b,
especially in the PCI/FA:50/50 and 20/80 specimens. Following 7-days self-healing period, the
pre-cracked PCI/FA:80/20 and 50/50 specimens barely recover their strength relative to the control
ones. With the extended self-healing to 28 and 90 days, the pre-cracked PCI/FA:80/20 specimens
still exhibit reduced healing efficiency, with CCS values remaining below those of PCI/FA:100/0
specimens. The pre-cracked PCI/FA:50/50 and 20/80 specimens even demonstrate significantly
inferior strength recovery, with CCS values decreasing to -13.3% and -23.2% following a 90-day
self-healing. It is noted that immediately following the pre-cracking (namely, at D0), the pre-
cracked PCI/FA specimens exhibit higher strength compared with their respective control
specimens. The transient strength gain, resulting from compaction of CPB specimens under
uniaxial loading, can be attributed to the volumetric contraction behaviour of CPB materials, as
elucidated in (Fall et al., 2009; Quan & Fall, 2024). To exclude this effect, the CCS of PCI/FA
specimens is determined using the following equation:

CCS (%)= [Sps( - (SD0-Scontrol at D0)] - Scontrol at D>0 (6-4)
Scontrol at D>0
where Sp>o represents the UCS values of healed specimens following self-healing duration of 7,
28, and 90 days, Spy denotes the UCS values of the pre-cracked samples immediately after pre-
cracking, Sconrol ar p>0 corresponds to the strength of uncracked control specimens exposed to the
identical self-healing regime and duration, and Sconsor ar Do 1s the UCS of uncracked control samples
at DO.

PCI/FA system shares similar interaction mechanisms between the mineral admixture and cement
particles to those observed in the PCI/BFS system. The initial cement hydration produces C-S-H
gels and CH, which establishes the alkaline environment for the secondary reaction between CH
and FA particles to produce C-S-H (Biernacki et al., 2001; Taylor, 1997; Wang, 2014). However,
despite this conceptual similarity, the PCI/FA system differs in its reaction mechanisms and
performance characteristics. Its impacts on the observed diminished strength development and
recovery can be ascribed to three main attributors, including physical effect, dilution effect, and
chemical effect (Wang & Lee, 2010; Narmluk & Nawa, 2011; Wang, 2014).
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Figure 6-8. (a) UCS development of uncracked control PCI/FA specimens during curing periods,
and (b) UCS and CCS progression in pre-cracked PCI/FA specimens during self-healing at 0, 7,

As shown in Figure 6-1, the utilized FA exhibits a particle size distribution comparable to the
tailings in the coarse range, with a limited proportion of fine particles that restricts its effectiveness
as a micro-filler in the PCI/FA system. Unlike finer binders (i.e., PCI or BFS), which can occupy
the spaces between coarse tailings particles and promote the microstructural packing, the
introduction of FA induces limited microstructural refinement, leading to increased interconnected
pores and internal porosity. Additionally, the spherical morphology and relatively lower surface
roughness of FA particles may reduce the interparticle friction and mechanical interlocking, leading
to a less cohesive microstructure. This coarseness of PCI/FA specimens is corroborated by the
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microstructural measurements of the control PCI/FA specimens in Figure 6-3b, which demonstrate
an increasing trend in porosity and void ratio with rising FA content. Furthermore, FA particles can
absorb calcium ions (Ca*") or physically block active sites on cement grains, thereby retarding the
cement hydration and delaying the formation of hydration products. This behaviour manifests as
slower strength development and elevated porosity (Akmalaiuly et al., 2023; Sakai et al., 2005).
This retardation effect becomes more pronounced at higher FA contents or when the alkali
availability is limited due to reduced PCI content (i.e., in PCI/FA:50/50 and 20/80 systems). On
the other hand, FA particles also serve as heterogeneous nucleation sites, which can facilitate the
precipitation of hydration products by providing surfaces for crystal growth (Takemoto, 1980; Xu
et al., 1993). However, the retardation influence tends to dominate during early ages, especially
with high FA contents before the onset of pozzolanic activity. Due to the limited hydration in the
PCI/FA system, a more porous structure develops, compromising matrix integrity and leading to
diminished strength development and recovery (Chindasiriphan et al., 2020; Zhang et al., 2014).
This performance aligns with the pore size distribution obtained from MIP measurements shown
in Figure 6-4, where PCI/FA:50/50 specimens reveal a coarser pore structure compared to PCI-
only and PCI/BFS:50/50 specimens. As a consequence, a larger volume of unhealed cracks persists
in the pre-cracked PCI/FA specimens due to insufficient formation of healing products, ultimately
impairing the self-healing efficiency.

The dilution effect, correlated with the hydration processes within the matrix, remains a significant
factor contributing to the diminished self-healing performance in strength recovery. Substituting a
portion of PCI with FA decreases the amount of early-reactive material, resulting in diminished
generation of hydration products, especially C-S-H gels that bond particles during the self-healing
period. Since the early strength recovery predominantly relies on the presence and continuity of
these hydration products, the reduced PCI limits the formation of a mechanically stable
microstructure. In addition, the dilution of PCI also decreases the CH availability from cement
hydration, which is essential for the activation of FA pozzolanic reaction, thus impeding hydration
even after a 90-day self-healing period. This trend is supported by thermal analysis results of
PCI/FA control specimens (Figure 6-9a), where increasing FA content corresponds to decreased
weight loss at characteristic hydration peaks, indicating fewer hydration products. Furthermore, an
increment in the content of FA involves a reduction in the content of PCI and, consequently, an
elevated w/b ratio within the PCI/FA system. It is well acknowledged that a moderate increase in
w/b ratio can improve the cement hydration degree in conventional cementitious materials (e.g.,
concrete, mortar, and ECC) with relatively low w/b ratios (e.g., 0.4-0.55), which in turn facilitates
the pozzolanic activity of FA with the improved availability of CH (Sahmaran et al., 2013;
Termkhajornkit et al., 2009; Wang, 2014; Xu et al., 1993). However, the elevated water content
(w/b ratio) adversely affects the mechanical performance of the CPB materials, which are usually
formulated with high water content to ensure flowability, as a result of the dilution of soluble
components and slower formation of hydration products (Bentz et al., 2009; Benzaazoua et al.,
2004; Fall et al., 2009). Excess water content reduces the concentrations of Ca?>* and OH" ions in
the pore solution by diluting cement particles, which decelerates the formation and precipitation of
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hydration products, such as C-S-H and CH. Hence, the retarded cement hydration and pozzolanic
reactivity compromise the structural integrity, negatively impacting the self-healing efficiency. The
effects of w/b ratio on the self-healing efficiency of CPB materials have been elucidated in the
previous work (Quan & Fall, 2025b).
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Figure 6-9. Comparison of TG/DTG curves for (a) control (PC0%) PCI/FA specimens at 90 days
of self-healing, and (b) control PCI/FA:50/50 specimens at 28 and 90 days.
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The chemical effects of FA involved in the healing behaviour of the CPB system are mainly
governed by its reactions with CH and intrinsically pozzolanic reactivity. FA typically exhibits a
prolonged initial dormant period because of its slower reaction kinetics, which are influenced by
its physical characteristics (Taylor, 1997). Unlike the hydration process of PCI, which begins the
hydration reactions upon contact with water, the pozzolanic reaction of FA requires the presence
of CH from cement hydration, especially in the absence of external alkali sources. The availability
of CH from cement hydration thus controls the contribution of secondary pozzolanic activity of FA
to the overall self-healing efficiency. Consequently, the coupled impacts result in the limited
pozzolanic reaction and minimal contribution to the formation of binder hydrates for the self-
healing process. Add to that, the activation of FA typically requires a pH above 13 to initiate
pozzolanic reactions (Klein & Simon, 2006); however, a threshold not reached in the PCI/FA
specimens studied here (i.e., measured pH values of 12.2, 12.1, and 11.8 for PCI/FA:80/20, 50/50,
and 20/80, respectively). Notably, Figure 6-8b reveals an improvement in strength recovery for
pre-cracked PCI/FA:50/50 and 20/80 specimens between 28 and 90 days of self-healing, with CCR
values increasing from -23.7% to 13.3% and from -29.1% to -23.2%, respectively. Although some
C-S-H gels are produced within the matrix, the less C-S-H gels have insufficient agglomeration
effect to bridge the crack network, and these pre-cracked specimens still perform significantly
impaired mechanical bearing-capability after a 90-day self-healing period. This behaviour is
corroborated by thermal analysis results in Figure 6-9a, which show significantly fewer hydrates
in the PCI/FA:50/50 and 20/80 specimens, as evidenced by their lower weight losses compared
with the specimens with none or lower dosages of FA. These findings imply that a longer self-
healing duration and supply of CH would be necessary for the substantial strength recovery in
PCI/FA systems, particularly at higher FA contents where CH availability is limited. From a
practical perspective, the extended self-healing period and low self-healing efficiency are
undesirable for mining operations as additional reinforcement of backfill structure may be required,
potentially prolonging mining cycles and increasing operational complexity and costs.

6.3.2.2 Hydraulic conductivity

Figure 6-10a presents the evolution of saturated hydraulic conductivity (ksa) in uncracked control

PCI/FA specimens over the curing period. As can be seen, all mixes display a progressive reduction

in kst as the curing period extends, irrespective of FA content, attributable to the accumulation of
hydration products within capillary voids, which progressively lowers the internal porosity of the

matrix to decrease the permeability. This trend aligns with the concurrent decrease in porosity and

void ratio observed in Figure 6-3b. However, it is noted that PCI/FA specimens (i.e., PCI/FA:80/20,

50/50, and 20/80) consistently display higher ks values than the PCI/FA:100/0 reference, with the

difference becoming more pronounced at higher FA contents. Figure 6-10b demonstrates the

influence of FA incorporation on the healing efficiency in ksa: of pre-cracked PCI/FA specimens,

determined through the hydraulic conductivity recovery ratio (defined as HCRR, Eq. 6-3) relative

to the initial pre-cracked scenario. The results show that the FA addition significantly reduces the

self-healing efficiency in permeability recovery. For instance, a light FA content (i.e., PCI/FA:80/20)
decreases the HCRR from 90.1% to 68.9% compared to the specimens without FA (i.e.,
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PCI/FA:100/0) following 90-day self-healing. At high FA content, PCI/FA:20/80 specimens reach
only 32.3% HCRR subsequent to a 90-day self-healing period, representing the minimal self-
healing performance among all mixes. This adverse effect is primarily ascribed to the combined
influences of physical characteristics, dilution effect, and delayed pozzolanic reactivity of FA, as
discussed previously.
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Figure 6-10. (a) Hydraulic conductivity changes of uncracked control PCI/FA specimens, and (b)
hydraulic conductivity and HCRR variations in pre-cracked PCI/FA specimens throughout self-
healing periods of 0, 7, 28, and 90 days.

Hydraulic conductivity is directly related to the interconnected porosity and void network, which
act as pathways for fluid transport within the matrix. Due to the ineffective filler effect of FA, its
incorporation disrupts particle distribution and packing patterns of the specimen matrix, resulting
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in increased porosity and the formation of larger unfilled voids between particles. As shown in
Figure 6-3b and Figure 6-4, the PCI/FA specimens exhibit a progressively more porous
microstructure with increasing FA content. This increased porosity could enhance the connectivity
between generated microcracks and voids during the pre-cracking process, producing a larger total
crack volume that must be filled during the self-healing phase for the same level of pre-cracking.
Furthermore, replacing PCI with FA elevates the w/b ratio, making more water available for cement
hydration but simultaneously inducing a dilution effect that decelerates and delays hydration,
thereby hindering the precipitation of hydrates and the microstructure refinement. Add to that, the
intrinsically slower pozzolanic reactivity of FA further restricts the self-healing potential, even in
the presence of CH, while the reduced PCI content constrains the total quantity of hydration
products available for crack closure and void filling. This reduction is reflected in the progressive
attenuation in weight loss across the entire examined temperature range in Figure 6-9, indicating a
declining formation of hydration products with increasing FA dosage. As a result of these combined
effects, the healing products generated during the self-healing period are insufficient to close cracks
and fill interconnected voids, particularly those of larger width, leading to the persistence of
unhealed pathways within the matrix and consequently high hydraulic conductivity in pre-cracked
PCI/FA specimens, even after 90 days of self-healing.

6.3.3 Characteristics of Self-healing Cracks

6.3.3.1 Crack closure through self-healing

Figure 6-11 presents the representative microscopic observations of crack closure in pre-cracked
specimens with different binder types and dosages before and after the designated self-healing
periods of 7, 28, and 90 days. Figure 6-11(a-c) illustrates crack closure in the PCI/BFS system,
whereas Figure 6-11(d-f) depicts crack closure in the PCI/FA system. Across all specimens, self-
healing products are observed precipitating within surface cracks, progressively filling the pre-
introduced crack gaps and, in some cases, achieving complete closure. However, partial or no
closure is also documented in specimens containing larger cracks, reflecting the intrinsic
limitations of autogenous healing in CPB systems. In these cases, the quantity of self-healing
products generated is insufficient to bridge and fill the larger crack widths, consistent with the
mechanistic constraints discussed earlier. These distinct closure scenarios align with previous
findings for CPB matrices under varying healing conditions (Quan & Fall, 2024, 2025a).

To quantitatively assess and compare the healing performance in crack closure of CPB specimens
with different binder types and dosages across the investigated self-healing periods, the widths of
fully closed cracks are measured and plotted in Figure 6-12 for all specimens subjected to various
healing regimes. It can be seen in Figure 6-12a that crack closure in the PCI/BFS system is strongly
influenced by both BFS content and healing duration. In general, the pre-cracked PCI/BFS:80/20
and 50/50 specimens exhibit overall comparable surface crack closure performance to the
PCI/BFS:100/0 reference specimens across the studied healing periods. This robust healing
performance in surface crack closure can be ascribed to the synergistic contributions of cement
hydration, CH carbonation, and slag activation, which collectively lead to accelerated production

251



of the healing products occupying the crack gaps. However, as healing extended to 90 days, the
progressive consumption of CH and cement during hydration slows the rate of healing product
formation, thereby reducing crack closure efficiency. For example, the pre-cracked PCI/BFS:80/20
specimens display a comparable crack closure capability, with a maximum healed crack width of
68.8 um, to that of the reference PCI/BFS:100/0 specimens (i.e., with a maximum healed crack
width of 66.2 um), suggesting that the efficiency in crack closure in PCI/BFS:80/20 specimens is
less pronounced than the healing efficiency observed in mechanical strength and permeability
recovery, as discussed in Section 6.3.1. This discrepancy reflects the nature of surface crack closure,
which is primarily governed by calcite precipitation through CH carbonation (Sisomphon et al.,
2012; Sun et al., 2022). In BFS-containing mixtures, a substantial portion of CH is consumed
during secondary pozzolanic reactions to form C-S-H gels, thereby reducing the available CH for
the carbonation and limiting calcite formation. Consequently, excessive BFS content (e.g.,
PCI/BFS:20/80) results in the diminished crack closure performance, with the smallest healed
crack widths. The reduced cement content in these mixtures constrains both CH availability and
the alkaline environment, which are unfavourable for the activation and hydration of BFS. Even
though the filler effect of BFS may contribute to early-age properties, the insufficient generation
of healing products ultimately hinders the progression of self-healing within the matrix.

Figure 6-11. Representative images of crack healing in CPB specimens with varying BFS (a-c)
and FA (d-f) binder dosages at different self-healing periods.
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Figure 6-12. Dis

An apparent decline in self-healing efficiency for crack closure is evident in Figure 6-12b with the
introduction of FA into the CPB matrix. This deterioration in healing performance becomes
particularly pronounced as the FA content increases. The reduced performance can be explained by
the combined influence of the physical characteristics of FA, the dilution effect, and its delayed

tribution of surface completely healed crack widths on CPB specimens with
varying contents of (a) BFS and (b) FA, along with progression of self-healing.
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pozzolanic reactivity, as previously discussed. Owing to the spherical morphology and relatively
inert surface of FA particles, their incorporation increases the internal porosity of PCI/FA
specimens, resulting in a more porous structure with less cohesion between the particles. Under
pre-cracking, microcracks in such a matrix are more susceptible to propagation and interconnection
with pre-existing voids, producing larger unfilled spaces within the crack path. Moreover, the
inherently slow pozzolanic reactivity of FA contributes to the limited hydration reactions within
the studied self-healing period, which implies that the self-healing process is primarily governed
by cement hydration within the PCI/FA system. As a result, substituting PCI with FA decreases the
available proportion of cement, thereby leading to limited production of healing products and
weakening the crack-filling capability. In addition, the reduced PCI content denotes the increase in
w/b ratio at a constant binder content, which dilutes the cement particles and slows both the
hydration and the precipitation processes of hydrates. This further impedes the rate and extent of
self-healing product formation, thereby limiting the crack closure efficiency.

6.3.3.2 Nature comparison of self-healing products

The observed self-healing behaviour in crack closure, as well as the restoration of compressive
strength and hydraulic conductivity in the studied PCI/BFS and PCI/FA specimens, can be ascribed
to the progressive formation of self-healing products within cracks and voids. To elucidate the
compositional differences in these products resulting from BFS or FA incorporation in the CPB
system, a combination of analytical techniques, including XRD, FTIR, and SEM-EDS, was
employed.

Figure 6-13 presents the XRD patterns of the self-healing products collected from the PCI/BFS,
PCI/FA, and PClI-only specimens. Although sampling was targeted at healed cracks, it is practically
unavoidable to include portions of the surrounding paste, particularly quartz originating from
tailings, BFS, and FA. In the PCI-only specimens (i.e., PCI/BFS:100/0 and PCI/FA:100/0), the
dominant self-healing materials, C-S-H, Ca(OH),, ettringite, and calcite (the latter especially for
surface crack), arise primarily from continued cement hydration coupled with carbonation of CH
(Quan & Fall, 2025a). As previously discussed, the incorporation of BFS and FA enables secondary
reactions with CH to form additional C-(A)-S-H via latent hydraulic and pozzolanic activity,
respectively, supplementing cement hydration and contributing to self-healing. In the PCI/BFS
system, the characteristic peaks of C-(A)-S-H, ettringite, calcite, and gypsum are clearly evident in
the self-healing products. Notably, the higher C-(A)-S-H peak intensity relative to PCl-only
specimens correlates with the improved strength and permeability recovery observed in
PCI/BFS:80/20 and PCI/BFS:50/50. The detection of a small amount of gypsum in the PCI/BFS
specimen most likely indicates a prolonged hydration process, which contributes to the long-term
self-healing performance observed in the PCI/BFS:80/20 specimens due to the incomplete
hydration of aluminate phases. Moreover, the PCI/FA system displays similar phase assemblages,
with more intense gypsum peaks and detectable Ca(OH).. The presence of unconsumed gypsum
and Ca(OH); indicates slower hydration kinetics and extended dormant behaviour, aligning with
the reduced self-healing efficiency previously noted for FA-containing specimens.
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FTIR analysis was also conducted to validate the composition of the self-healing products in the
CPB systems with the three different binder types, as shown in Figure 6-14. The absorption peaks
located at approximately 451 cm™ and 966 cm™ correspond to the bending vibrations and
asymmetric stretching vibrations of Si-O bonds in the silicate tetrahedra SOy, respectively, which
are associated with the primary binding phase of C-(A)-S-H (Feng et al., 2023; Hu et al., 2024;
Wang et al., 2021). Compared with the self-healing products from the PCI-only specimens, the
PCI/BFS specimens show a slight increase in the intensity of these peaks, whereas the PCI/FA
specimens exhibit a slight decrease. This variation reflects differences in the degree of silicate
polymerization, which in turn suggests variations in the quantity of C-(A)-S-H formed through
hydration reactions. These findings are consistent with the previously discussed trends in self-
healing efficiency. In addition, the absorption peaks observed at 694 cm™ and 1083 cm™ can be
attributed to asymmetrical Si-O bending vibrations and the bands at 777 cm™ and 796 cm™! are
related to the symmetric Si-O-Si stretching vibrations, both of which are the typical characteristics
of quartz (Hu et al., 2024; Sari et al., 2023; Sun et al., 2022). In the same way, the absorption peak
at 875 cm’! is indicative of the bending vibration of CO%’, revealing the formation of calcite in the
self-healing products (Sun et al., 2022). Furthermore, the absorption band at 1162 cm™' corresponds
to the S-O asymmetric stretching vibration of SO7, signifying the presence of ettringite in the
matrix (Sari et al., 2023; Zhang et al., 2022).

The morphology of self-healing products was further characterized by SEM-EDS analysis
conducted on the crack surface to validate their compositions. Figure 6-15 and Figure 6-16 show
the results for the PCI/BFS:50/50 and PCI/FA:50/50 system, respectively, after 90 days of self-
healing period. The EDS spectra indicate the presence of primary self-healing products of C-(A)-
S-H, calcite, and ettringite, in both CPB mixing systems, as evidenced by the detected Ca, O, Al,
S, and Si peaks. It is clearly visible in Figure 6-15 that the PCI/BFS system exhibits a relatively
denser distribution of C-(A)-S-H gels in the capillary voids, which is in line with the
aforementioned results of XRD, FTIR, and thermal analysis. Note that the detection of primary
product C-(A)-S-H gel rather than pure C-S-H is attributed to the incorporation of aluminum
released from BFS and FA into the silicate gel structure. While C-(A)-S-H and C-S-H cannot be
distinctly differentiated due to their similar morphology and overlapping elemental signals, both
contribute to binding the solid particles, which governs the development of mechanical strength
and overall stability of the CPB matrix. In contrast, the presence of partially reacted and/or
unreacted FA particles in Figure 6-16 suggests the comparatively inferior self-healing efficiency in
the PCI/FA system due to the insufficient formation of healing products during the studied self-
healing period up to 90 days.
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Figure 6-13. XRD profiles of collected self-healing products from PCI/BFS, PCI/FA, and PCI
specimens following 90 days of self-healing (Q: Quartz; E.: ettringite; Gyp.: gypsum; C: calcite;
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Figure 6-14. FTIR curves of collected self-healing products from PCI/BFS, PCI/FA, and PCI
specimens following 90 days of self-healing.
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Figure 6-16. SEM-EDS characterization of self-healing products within cracks of PCI/FA:50/50
specimens following a 90-day self-healing period at multiple locations.

6.3.4 Comparison of the Effects of Two SCMs on Self-Healing Performance

The incorporation of SCMs, including BFS and FA, distinctly influences the self-healing
performance of the CPB system through their contributions to binder hydration mechanisms and
microstructural modifications, which arise from differences in their chemical reactivity and
physical characteristics.
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BEFS is a latent hydraulic material that readily reacts in a calcium-rich environment, particularly in
the presence of CH generated from cement hydration, thereby contributing to both early and
sustained strength development. Its relatively fine particle size and angular morphology enhance
particle packing, promoting a denser matrix formation with smaller pore volume and reduced
hydraulic conductivity. This microstructural refinement not only enhances mechanical performance
but also promotes self-healing behaviour, as unreacted slag particles continue to hydrate over time,
precipitating C-(A)-S-H within cracks and voids. However, the influence of BFS on self-healing
efficiency is significantly influenced by its dosage and the available cement in the CPB system,
particularly in the absence of external alkali or activators. In this study, a 50% replacement of PCI
with BFS (i.e., PCI/BFS:50/50) significantly enhances self-healing performance during the early
to medium self-healing periods (7 to 28 days). This improvement is attributed to the synergistic
effect of robust cement hydration and latent hydraulic activity, attributed to the sufficient
availability of CH and reactive BFS, which facilitates the generation of additional healing products,
contributing to crack closure and restoration of mechanical strength and permeability. Furthermore,
a moderate reduction in BFS content (i.e., PCI/BFS:80/20) demonstrates even more pronounced
self-healing behaviour over extended periods. The relatively higher cement content in this mix
sustains the availability of CH, thereby supporting continued slag activation and prolonged
pozzolanic reactions within the matrix. Conversely, the PCI/BFS:20/80 mix, with low cement
content, limits CH production, which impedes slag activation and suppresses the healing
mechanisms associated with continuous cement hydration, thus diminishing the mechanical and
permeability-related self-healing efficiencies.

In contrast, the addition of FA significantly reduced the self-healing efficiency in the CPB system
in this study, primarily due to its physical characteristics, dilution effect, and delayed pozzolanic
reactivity. The similar particle size distribution between FA and the STs compromises the particle
packing efficiency within the matrix, increasing voids, crack volumes, porosity, and permeability.
Higher FA replacement levels also elevate the w/b ratio, which adversely affects the development
of mechanical and permeability properties. This effect arises from the dilution of cement content,
which weakens cement hydration and reduces the precipitation of hydration products. Additionally,
the reduced cement content limits the production of CH, thereby lowering the internal pH below
the threshold required to activate the pozzolanic reaction of FA. The suboptimal chemical
environment delays both cement hydration and the pozzolanic contribution of FA, ultimately
resulting in reduced self-healing capability in terms of both strength recovery and permeability
restoration.

It is important to emphasize that interactions between cement, tailings, and SCMs (BFS or FA) are
highly dependent on their physical (e.g., fineness, morphology) and chemical (e.g., mineralogical
composition, glass content) properties. These characteristics are largely determined by
manufacturing processes, which in turn are influenced by factors such as coal source variability
and combustion efficiency for FA, and metallurgical extraction methods for BFS (Behera et al.,
2021; Fall et al., 2010; Maltais & Marchand, 1997). Such inherent heterogeneity can lead to
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variability in hydration mechanisms and self-healing behaviour, potentially resulting in
inconsistent performance within CPB systems.

6.4 Summary and Conclusions

This study investigates the autogenous self-healing behaviour of CPB systems with the
incorporation of SCMs, specifically BFS and FA, into the binder matrix. The evaluation considers
the evolution of compressive strength, hydraulic conductivity, internal porosity, crack closure, and
the formation and composition of self-healing products over a 90-day self-healing period. Based
on the experimental results, the following conclusions can be drawn:

The incorporation of BFS exerts a dual effect on the PCI/BFS system, dependent on BFS
content and self-healing duration. During the early to medium self-healing period (i.e., 7
and 28 days), the PCI/BFS:50/50 specimens exhibit the highest self-healing efficiency
among all studied mixes, achieving CCS values of 9.7% and 17.2%, respectively. This
enhancement can be attributed to the synergistic contributions of cement hydration,
activation of BFS latent hydraulic reactions, which promote the formation of additional C-
(A)-S-H and result in a refined microstructure. The accumulation of these hydration
products effectively fills cracks and voids, promoting the recovery of both mechanical
strength and permeability. Due to the reduced availability of unhydrated cement grains and
CH, the healing rate of PCI/BFS:50/50 mixture gradually decreases. As the self-healing
period extends to 90 days, the PCI/BFS:80/20 specimens demonstrate more sustained long-
term self-healing performance with CCS and HCRR values reaching 21.4% and 96.2%, as
the higher cement content ensures sufficient availability of CH, which is essential for the
BFS latent hydraulic activity.

The utilized BFS significantly refines the pore structures within the PCI/BFS specimens as
its finer particle sizes effectively fill voids between solid constituents. This microstructural
refinement becomes increasingly pronounced with increasing BFS content. However,
excessive replacement of PCI (e.g., PCI/BFS:20/80) limits the available cement within the
matrix, constraining the primary self-healing mechanisms (i.e., cement hydration and
carbonation) and restricting the secondary latent hydraulic activation of BFS due to
insufficient CH, thereby diminishing the overall self-healing capacity with the ultimate
recovered strengths remaining lower than that of uncracked controls and hydraulic
conductivity recovery reaching only 58.7%.

The incorporation of FA considerably undermines the self-healing capacity of the PCI/FA
system, with only the PCI/FA:80/20 specimens exhibiting relatively satisfactory healing
performance, achieving CCS and HCRR values of 11.9% and 68.9%, respectively,
compared with 18.5% and 90.1% for the PCI-only CPB. Its inherent physical characteristics
and dormant pozzolanic reactivity contribute to a more porous microstructure, initially
compromising matrix stability. Although FA can react with CH to form C-(A)-S-H, its
delayed reactivity results in a substantial portion remaining unreacted or slowly reacting,
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even in the presence of sufficient CH. This effect, coupled with the increased w/b ratio,
further hinders cement hydration and the precipitation of binder hydrates. Increasing FA
content further deteriorates the healing efficiency as the amount of early-reactive cement
decreases, leading to insufficient healing capacity to restore mechanical strength and
permeability. As a result, the PCI/FA:20/80 mixture exhibits negligible strength recovery
with a CCS of -23.2% and only 32.3% permeability recovery after 90 days of self-healing.

o The observed self-healing performance in both PCI/BFS and PCI/FA systems is primarily
ascribed to the formation of C-(A)-S-H, calcite, and ettringite within cracks and voids. In
the PCI/BFS system, the abundant C-(A)-S-H generated via binder hydrations substantially
benefits the recovery of strength and permeability, while the calcite is mainly responsible
for the surface crack closure. The PCI/FA system exhibits limited hydration, reflected by
the relatively higher presence of gypsum and Ca(OH): in the self-healing products,
suggesting the potential for extended long-term self-healing, albeit with slower efficacy.

o The autogenous self-healing approach has been demonstrated as a promising method to
mitigate cracking in the CPB matrix and enhance its long-term durability. The incorporation
of SCMs could tackle budgetary constraints by reducing the backfill operational costs and
lowering the carbon footprint of mines through reduced Portland cement usage in CPB
systems. Accordingly, the findings of this study have direct implications for practical CPB
design and application, offering quantitative guidance for the selection of binder type and
replacement level to balance short- and long-term autogenous self-healing capacity,
enhancing the performance and sustainability of backfill systems.

Despite the significant findings and insights obtained from this study, it is important to
acknowledge certain limitations. Only one type of BFS and FA was investigated, whereas in
practice, the physical (e.g., fineness, morphology) and chemical (e.g., mineralogical composition,
glass content) characteristics of SCMs can vary considerably. Such variations may predominantly
affect their interactions with the selected PCI and silica-based tailings used in this study. Moreover,
the mineralogical compositions of tailings differ substantially across mining sites, which may limit
the direct applicability of these results to all types of mine wastes. Therefore, it is recommended
that laboratory-scale testing be conducted for site-specific paste fill formulations to ensure optimal
self-healing performance before full-scale implementation. Furthermore, given the superior self-
healing performance observed in the PCI/BFS system, future studies could explore the
incorporation of an external source of alkali (e.g., alkali activators or engineered triggers) to sustain
or enhance BFS activation beyond what is achievable through cement hydration alone, potentially
further improving the self-healing capability of CPB.
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Chapter 7 Integration of Results and Discussions

7.1 Introduction

The implementation of CPB is recognized as an effective strategy for minimizing the
environmental footprint of mining activities while providing structural support to underground
excavations. However, the progressive development of cracks within CPB structures can
significantly compromise their integrity and serviceability, undermining safety and long-term
durability. In this research, the autogenous self-healing method has been investigated to restore the
mechanical and permeability characteristics of CPB under multiphysical conditions, addressing the
crack challenges. Specifically, Section 7.2 synthesizes representative results, presenting the
fundamental mechanisms and behaviour of self-healing in CPB. Additionally, this section includes
complementary results from CPB materials incorporating natural tailings to demonstrate the
feasibility and effectiveness of self-healing in broader practical mining backfill scenarios.
Furthermore, Section 7.3 provides a comparative summary of Chapters 5 and 6, presenting the
influence of multiphysical factors (i.e., healing/curing temperature, drainage condition, crack-
inducing stress, sulphate concentration, and mineral additives) on the self-healing behaviour and
efficiency of CPB.

7.2 Research Result Synthesis and Discussion

The investigation of autogenous self-healing in CPB is inspired by the concept of self-healing,
which has been successfully applied to conventional cementitious materials (e.g., concrete, mortar,
engineered cementitious composites, etc.). In this research, the incorporation of silica tailings (STs)
is scientifically valid and representative of the tailings used to prepare CPB materials in practice.
The STs are produced through the identical crushing and grinding production processes as natural
tailings (NT), originating from natural rocks of the same geological source. Moreover, STs satisfy
industrial requirements for paste tailings, specifically containing at least 15 wt.% of particles finer
than 20 pm. Their dominant quartz composition reflects the major mineralogical constituent of
tailings produced from many Canadian hard-rock mines and other hard-rock mining operations
worldwide, making STs highly representative of the natural tailings commonly employed in paste
technology. Accordingly, STs have been widely adopted as a representative substitute for NTs in
numerous experimental investigations on paste tailings and CPB systems, which enable the
accurate control of the mineralogical components of the tailings, minimizing uncertainties when
investigating the intrinsic self-healing performance of CPB.

The obtained results and findings reveal a promising autogenous self-healing performance in CPB
under the ambient exposure condition without external interference and healing additives, which
is primarily attributed to two main fundamental mechanisms: (i) continuous hydration of
unhydrated cement particles, and (ii) carbonation of calcium hydroxide.

Firstly, the formation of crystal-like healing products (e.g., C-S-H, CaCOs, ettringite, and Ca(OH),)
contributes to the crack closure through the precipitation inside the cracks or along the crack paths,
resulting in three distinct healing scenarios: complete healing, partial healing, and no healing as
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represented in Figure 7-1. Notably, the extent of healing is strongly influenced by the initial crack
width and geometry; narrower, shorter, and shallower cracks demonstrate a higher potential of
complete crack closure due to the smaller volume that requires filling. Larger cracks, on the other
hand, often remain partially or completely unhealed, indicating the limitations of inherent
autogenous healing in CPB, with crack width being a critical factor influencing the self-healing
efficiency.

Secondly, the studied pre-cracked CPB specimens can recover/restore their mechanical strengths
comparable to the uncracked ones generally after only approximately 7 days of self-healing period,
regardless of the initial pre-cracking levels under certain healing conditions. This strength
restoration is attributed to the continuous hydration of unhydrated cement particles. At an extended
self-healing period (i.e., 90 days), the healed pre-cracked specimens surpassed the strength of the
uncracked controls, especially those pre-cracked at earlier curing ages when more unhydrated
cement remained. Add to that, as hydration progresses and the availability of unreacted cement
diminishes, the carbonation of calcium hydroxide becomes the dominant healing mechanism at the
advanced self-healing period. The presence of cracks provides pathways for the transport of O,
COz, and H>O inside the CPB matrix, which are essential for facilitating the hydration reactions
and self-healing mechanisms. The generated healing products gradually refine the initial pore
structures, filling the cracks and voids as the self-healing progresses, thus decreasing the porosity
and void ratio of pre-cracked specimens and contributing to the mechanical strength recovery and
development.

No healing -
. Macrocrack
i
5 , Self-healing products from cement
i hydration and carbonation processes
Complete healing -
% Microcrack
/

)

Figure 7-1. Schematic representation of three healing scenarios with precipitation of healing
products.

Thirdly, as the autogenous healing progresses, the healing products precipitate and fill in the voids
and cracks, resulting in a more refined pore structure within the matrix to block the internal
connections, thus decreasing the hydraulic conductivity (permeability) of the pre-cracked CPB
specimens. It is noted that the full recovery of hydraulic conductivity cannot be achieved due to
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the presence of unhealed or partially healed macrocracks within the CPB matrix. The limited
availability of cement particles in the CPB mixture, which dominates the capability of autogenous
healing, restricts the amount of the produced self-healing products. As a result, the generated
macrocracks cannot be fully healed due to insufficient self-healing products.

Complementary tests were also conducted on CPB prepared with NTs sourced from a Canadian
polymetallic mine to further validate the representativeness of STs with the introduction of different
PSDs and mineralogical compositions, as shown in Figure 7-2 and Figure 7-3, respectively. This
natural variability reflects more realistic conditions of CPB performance in field applications.
Compared to silica tailings, the considered NTs exhibit a significantly broader and coarser particle
size distribution, indicating the coexistence of both fine and coarse fractions (Figure 7-2).
Additionally, the chemical composition of the NTs is markedly more heterogeneous, rendering the
material chemically active and potentially reactive in cementitious environments (Figure 7-3). Of
particular significance is the detection of 0.26 wt.% sulphur, which suggests the presence of
sulphate-bearing minerals in the tailings. NT-CPB specimens were subjected to an initial curing
(IC) period of 3 days prior to crack induction. A single pre-cracking level (PC100%) was employed,
followed by self-healing periods of 1, 7, 28, and 90 days under ambient exposure conditions. The
experimental program was designed to mirror that of Batch IC3 using silica tailings, as described
in Chapter 4.
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Figure 7-2. Comparison of particle size distributions between natural tailings and silica tailings.

The NT-CPB specimens exhibit consistent self-healing behaviour, as evidenced by crack closure,
and partial to substantial recovery of mechanical strength and permeability properties. In addition
to the two determined self-healing mechanisms: (i) continued hydration of unhydrated cement
particles and (ii) carbonation of calcium hydroxide, the self-healing efficiency of NT-CPB
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specimens is also significantly dominated by the sulphate-influenced self-healing processes with
the formation of secondary hydration products, ettringite and gypsum (as elucidated in Section 5.2
and summarized in Section 7.3.4).
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Figure 7-3. Chemical compositions of the used polymetallic mine tailings.

During the self-healing period up to 28 days, the NT-CPB specimens exhibit three distinct crack
closure scenarios: complete healing, partial healing, and no healing, depending on factors such as
crack width, healing duration, and the reactivity of the tailings (Figure 7-5). Morphological
observations reveal the appearance of a rust-like coloration on the specimen surfaces at 28 days,
likely due to the oxidation of pyrite present in the tailings. Notably, both compressive strength and
hydraulic conductivity demonstrate substantial recovery over this period (Figure 7-4). This
improvement is primarily attributed to the formation and precipitation of cement hydration and
secondary products (i.e., ettringite, gypsum, C-S-H, Ca(OH),, and CaCO3), which fill the cracks
and voids, thereby refining the microstructure and enhancing both strength and permeability.
However, as healing progresses into the advanced period (i.e., 90 days), the recovery trends for
compressive strength and hydraulic conductivity begin to diverge. Specifically, healing indices
such as the CCS and HCRR show a declining trend, which correlates with the visual observation
of newly formed or extended cracks in the NT-CPB specimens (Figure 7-5f and Figure 7-6),
compromising the structural integrity of the matrix. In addition, it is noted in Figure 7-6 that some
“break-out” features accompanied by new cracks exhibit on the surface of the specimens filled by
white crystalline materials. SEM-EDS analysis identified these infills as ettringite (Figure 7-7). As
previously discussed in Section 5.2, the excessive formation of expansive minerals such as
ettringite, whose volume is approximately 2.5 times that of the original reactants, can exert
substantial internal pressure within pre-existing microcracks and capillary pores. This expansion
results in physical damage to the CPB matrix, manifesting as newly generated cracks (i.e., Figure
7-5 and Figure 7-6) and ultimately compromising long-term healing performance. In addition,
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weaker C-S-H gels are usually produced due to the sulphate absorption by C-S-H, leading to the
undermined ability to bind hydration/solid particles, thus diminishing the self-healing efficiency.
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Figure 7-4. Recovery of (a) compressive strength and (b) hydraulic conductivity of natural
tailings incorporated in CPB specimens over the self-healing period.

Despite the inherent variability in PSDs and mineralogical compositions, the NT-CPB specimens
exhibit consistent self-healing (autogenous healing) behaviour with those obtained from ST-based
CPB. This consistency confirms that the use of STs is not only a scientifically sound approach for
studying CPB self-healing mechanisms but also one that reliably reflects the performance of NTs
under realistic field conditions. It is important to note that due to the variability in the geochemical
and mineralogical properties of different tailings, tailored strategies are essential to optimize the
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healing efficiency. For example, in sulphide-rich tailings where sulphate attack poses a risk to long-
term performance, the use of additives such as slag may help mitigate sulphate-related damage and
promote more durable self-healing behaviour.
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Figure 7-5. Typical observations of crack closure and self-healing products.
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Figure 7-6. Appearance of the “break-out” features accompanied by new cracks on the specimen
surface.
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Figure 7-7. SEM-EDS detection of infilled products in the “break-out”.

7.3 Role of Multiphysical Factors on Self-healing Behaviour of CPB
7.3.1 Effect of Thermal Factor

Temperature variation within CPB structures arises primarily from two sources: (i) external heat
exchange with the surrounding rock mass or atmosphere via heat conduction and/or advection, and
(i1) internal heat generation due to exothermic reactions from cement hydration and/or the oxidation
of sulphide minerals (Fall et al., 2010). As presented in Section 5.3, the efficiency of the primary
self-healing mechanisms in CPB (continued hydration of unhydrated cement particles and the
carbonation of calcium hydroxide) is markedly influenced by exposure temperature, with tested
ranges including 2, 20, 35, and 50°C.

At low temperatures (e.g., 2°C), CPB specimens exhibit delayed and significantly diminished self-
healing performance. This is attributed to the temperature sensitivity of cement hydration reactions,
which proceed at a reduced rate under cold conditions due to the inhibition effect. As a result,
insufficient hydration products are generated, leading to minimal recovery in mechanical and
permeability properties. Poor crack closure is particularly evident in specimens exposed to these
cold curing conditions. Conversely, elevated temperatures (e.g., >20°C) substantially improve the
self-healing capacity of CPB. Increased healing temperature accelerates cement hydration and
facilitates the greater formation of healing products (i.e., C-S-H, CaCO3, Ca(OH).) given the same
self-healing period. These products contribute to more efficient crack closure and even larger crack
widths. The refined pore structure also leads to a denser microstructure, which enhances
compressive strength recovery and reduces hydraulic conductivity over the self-healing period.
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Notably, at 50°C, no strength inversion or adverse cross-over effects are observed. This
phenomenon is likely mitigated by the dilution effect arising from the high water content in the
CPB matrix, which supports sustained hydration and healing reactions. However, the availability
of unhydrated cement particles decreases over longer periods, resulting in a slower healing rate
after a self-healing period of 90 days.

Overall, temperature is a critical factor influencing the self-healing capacity of CPB. In cold or
permafrost regions, where cracks may remain unhealed or only partially healed, it may be necessary
to adopt supplementary measures, such as incorporating additives that facilitate low-temperature
hydration to ensure resilience and structural integrity in cold mining environments. In contrast, in
deep underground mines where temperatures are elevated, the combination of ambient heat and
exothermic hydration could induce localized evaporation. Excessive evaporation under such
conditions may lead to moisture loss, potentially impeding the long-term self-healing efficiency,
as self-healing processes in cementitious materials require moisture to enable hydration and
carbonation reactions. The findings underscore the necessity of considering thermal conditions in
the design and implementation of CPB structures. Tailoring the self-healing strategy to site-specific
temperature profiles is essential to ensure long-term structural integrity, mechanical resilience, and
durability of CPB structures in diverse mining environments.

7.3.2 Effect of Hydraulic Factor

Hydraulic conditions, such as pore water pressure, volumetric water content, and drainage, evolve
rapidly following CPB placement and exert immediate influence on the development of its
properties. Once CPB is placed underground, drainage begins to occur, governed primarily by site-
specific factors, including geological formations, groundwater conditions, seepage, barricade, and
permeability of CPB materials, permeability of the rock mass surrounding the backfill structure,
etc. In practice, CPB structures often experience drainage conditions that fall between the two
extremes of full drainage and no drainage; thus, the drainage environment is typically considered
partially drained under field conditions. Therefore, Section 5.4 systematically assesses the effects
of three downward axial drainage conditions on the autogenous healing capacity and behaviour of
CPB material.

For undrained specimens, the dominant self-healing mechanisms remain consistent with those
previously identified, including 1) continuous hydration of unhydrated cement particles and 1ii)
carbonation of calcium hydroxide. However, a slight delay in the onset of healing is observed
during the early self-healing period. This is primarily due to dilution effects and dissolution
reactions that slow cement hydration. Specifically, the use of additional mixing water to ensure
CPB pumpability increases the w/c ratio, which in turn dilutes cement particle concentration and
reduces the availability of calcium and hydroxyl ions within the pore solution. This impedes the
early formation of hydration products necessary for healing. Moreover, the excess water reduces
surface energy and weakens van der Waals forces between hydration products (Yang et al., 2011),
thereby delaying their precipitation and negatively affecting microstructural development and
property recovery. In contrast, drained specimens (i.e., under full or half drainage conditions)
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exhibit significantly enhanced self-healing efficiency and faster healing rates. These improvements
are attributed to the synergistic effects of water drainage, one-dimensional consolidation, and
optimized hydration conditions. Drainage enables excess water to bleed from the fresh CPB matrix,
promoting the settlement of suspended solids and facilitating denser particle packing through self-
desiccation. This leads to a refined pore structure and reductions in both porosity and void ratio.
Simultaneously, the reduction in pore water pressure increases the effective stress within the matrix,
enhancing consolidation and interparticle bonding, particularly between tailings and hydration
products. Furthermore, the improved hydraulic environment accelerates cement hydration owing
to the reduced w/c ratio. As hydration reactions proceed, water is consumed, further reducing pore
water pressure and increasing effective stress. This fosters concentrated precipitation of hydration
healing products within cracks and capillary voids, contributing to crack closure and a more
cohesive microstructure. The localized healing products serve not only to heal microcracks but also
to reinforce the particle-matrix interface, thereby improving self-healing efficiency in mechanical
strength recovery and permeability reduction under drainage conditions.

Effective water management, particularly during early-stage curing, can significantly enhance
healing efficiency and structural performance. In field applications, optimizing drainage pathways
and tailoring backfill mixture designs to site-specific hydraulic conditions may offer a practical
strategy for improving the long-term durability and integrity of CPB structures.

7.3.3 Effect of Mechanical Factor

Upon displacement into underground, CPB structures are subjected to a variety of in situ stress
conditions, such as self-weight, overlying rock mass, mining-induced stresses, rock mass
movement, or rock wall closure, which can impose compressive, tensile, and shear stresses on the
CPB structures, introducing the different cracking pattern/crack damage, such as shear, tensile, and
mixed-mode (shear-tensile) cracks (Li et al., 1998; Pan et al., 2021). To replicate these stress
conditions, multiple crack-inducing approaches are adopted. In addition to the conventional
uniaxial compression method, which typically produces mixed tensile-shear crack patterns, two
alternative loading (pre-cracking) methods were employed, including 1) triaxial compression,
which predominantly generates shear cracks under confined stress states, and ii) indirect tensile
(Brazilian) testing, which produces pure tensile cracks across the disc specimens. These methods
enable the controlled introduction of diverse crack geometries and damage profiles. Section 5.5
explores how different crack types and their associated stress conditions influence the autogenous
self-healing capacity of CPB materials.

The pre-cracked CPB specimens under uniaxial compression loading demonstrate a promising self-
healing performance in mechanical and permeability recoveries. The pronounced self-healing
performance can be primarily attributed to two previously identified self-healing mechanisms,
including 1) continued hydration of unhydrated cement particles and ii) carbonation of calcium
hydroxide. Both mechanisms produce solid self-healing products that deposit along the crack
surfaces and within crack voids, thereby bridging the crack gaps and restoring interparticle bonding.
Beyond these chemical processes, the mechanical conditions associated with uniaxial compression
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loading also play a significant role in the healing process. The crack morphology generated under
uniaxial compression is generally a combination of axial tensile and inclined shear cracks. After
the pre-cracking, the shear cracks tend to remain tightly compressed or partially closed, resulting
in relatively narrow apertures compared with the wider tensile cracks. Such geometries provide a
favourable environment for self-healing, as smaller crack widths enhance the efficiency of
precipitation, deposition, and densification of self-healing products, which accelerate crack closure
and strengthen particle bonding. Similarly, the pre-cracked specimens subjected to the triaxial
compression loading perform comparably promising healing efficiency in mechanical recovery and
enhanced healing efficiency in permeability. In the same way, besides the chemical self-healing
mechanisms, the combined effects of the favourable crack morphology under confined conditions
promote the healing efficiency. The triaxial compression loading restricts the crack propagation
and branching, resulting in the suppressed tensile cracks and shear cracks that remained partially
closed and/or under compression. This confinement yields narrower crack apertures and a localized
crack network that collectively provide favourable conditions for self-healing. Furthermore, the
geometry of the crack networks facilitates the ingress of CO2, which improves the carbonation of
calcium hydroxide to calcite, contributing to the crack filling. And the crack pathways allow the
evaporation of excess water from the CPB matrix during the self-healing phase, which reduces the
local w/c ratio to enhance the cement hydration and precipitation of self-healing products, further
improving mechanical integrity and microstructural refinement.

However, the pre-cracked specimens subjected to the indirect tensile loading show a significantly
limited self-healing efficiency, which is attributed to the crack geometry generated in the disc-
shaped specimens under tension. The indirect tensile pre-cracking loading produces dominant
mode I tensile cracks that almost traverse the entire disc with large crack apertures, splitting the
specimen into two segments, which considerably undermines the structural integrity of the disc-
shaped specimen. Given the limitation of the autogenous self-healing capacity of the CPB materials,
the insufficient self-healing products fail to effectively bridge the wide crack gaps, leaving the
cracks largely unclosed and exhibiting slight mechanical reconnection or permeability
improvement after self-healing.

7.3.4 Effect of Chemical Factor

The presence of sulphate ions in CPB systems is a critical factor affecting the long-term durability
and chemical stability of backfill structures. Sulphate ions, which commonly originate from
sulphide-rich tailings, the use of sulfur dioxide/air in cyanide destruction processes, the
incorporation of gypsum (CaSO4-2H>0) or anhydrite (CaSOs) to regulate cement setting, and mine
process waters, can initiate internal sulphate attack within the CPB matrix. These reactions are
often associated with strength degradation and alterations in pore structure (Fall & Pokharel, 2010;
Fall & Benzaazoua, 2005).

In the context of self-healing, however, the role of sulphate ions can be dual in nature. On the one
hand, excessive sulphate concentrations may hinder the self-healing process by disrupting the
microstructural integrity and inhibiting cement hydration. On the other hand, under controlled
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concentrations, sulphate ions can contribute positively to the self-healing mechanism by forming
additional solid phases that fill cracks and refine the pore network. The self-healing performance
is governed by not only the previously determined mechanisms, but also the secondary hydrated
products (i.e., ettringite and gypsum) formed by the reaction of sulphate ions with CH and C3A,
resulting in a combination of self-healing products: ettringite, gypsum, C-S-H, Ca(OH),, and
CaCOs.

The impact of varying sulphate concentrations, ranging from low (<5000 ppm) to very high (25000
ppm), on the self-healing capacity of CPB is elucidated in Section 5.2. During the early self-healing
period (up to 28 days), the presence of sulphate ions is found to enhance healing performance,
particularly in specimens exposed to 15,000 ppm, which exhibit the most robust healing efficiency
between 7 and 28 days. However, a delayed healing response is observed at the highest
concentration of 25,000 ppm, attributed to the inhibitory effect of excessive sulphate on binder
hydration. This favourable self-healing performance is primarily due to the beneficial precipitation
of secondary phases (ettringite and gypsum), which effectively fill microcracks and refine the
internal pore network. Additionally, the availability of pre-crack spaces provides sufficient space
to accommodate these expansive products, as illustrated in Figure 5-13, further enhancing the
healing efficiency. These adverse effects can be attributed to three main factors: (i) physical damage
from excessive formation of expansive minerals (ettringite and gypsum) in microcracks and
capillary pores; (i1) production of weaker C-S-H gel because of sulphate absorption by C-S-H; and
(ii1) reduced amount of hydration products due to the inhibition of cement hydration at high
sulphate concentrations. Conversely, specimens exposed to 5,000 ppm sulphate maintain a positive
healing trajectory. At this lower concentration, cement hydration is not significantly inhibited,
enabling the continued formation of hydration products and the effective healing of cracks and
pores, thereby enhancing the self-healing efficiency.

These findings are particularly relevant in mining environments with prevalent sulphate exposure,
where the intrinsic self-healing ability of CPB may mitigate the adverse effects of sulphate attack
on structural stability and environmental performance, contributing to safer underground
operations and helping minimize the long-term environmental risks associated with tailings and
mine backfill systems.

7.3.5 Effect of Mineral Additives

Portland cement (PC) has been the most widely used hydraulic binder in the mining industry for
the preparation of CPB mixtures, as its hydration process primarily governs the development of
mechanical and durability properties in CPB structures. However, the relatively high cost of PC
and the environmental footprint of its production have motivated increasing use of SCMs,
particularly BFS and FA, to partially replace PC. Such substitutions not only lower binder-related
costs but also mitigate the environmental impact of PC production by lowering CO> emissions
(Andrew, 2018). In addition, the incorporation of SCMs contributes to the modification of CPB
properties through their distinct chemical reactivity and physical characteristics. Therefore,
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Chapter 6 elucidates the effects of incorporating BFS and FA as mineral additives on the
autogenous self-healing efficiency of CPB materials.

The influence of BFS on CPB self-healing is primarily attributed to its latent hydraulic activity and
physical characteristics. In calcium-rich environments, BFS reacts with CH released from cement
hydration to generate additional C-(A)-S-H phases, which progressively fill and bridge
microcracks. At appropriate replacement levels (e.g., at PCI/BFS:50/50 and PCI/BFS:80/20), this
synergistic interaction between cement hydration and BFS activation enhances both early- and
long-term self-healing efficiency, contributing to crack closure and improved recovery of
mechanical and permeability properties. In addition, the relatively fine PSD and angular
morphology of BFS enhance the particle packing within the CPB matrix, reduce porosity, and
further benefit the self-healing performance. However, excessive BFS replacement (e.g.,
PCI/BFS:20/80) can limit CH availability, thereby hindering both slag activation and continued
cement hydration associated with self-healing reactions, which ultimately diminishes the self-
healing efficiency of CPB. In contrast, the incorporation of FA generally exhibits a detrimental
effect on the self-healing efficiency of CPB, ascribed to the physical characteristics, dilution effect,
and delayed pozzolanic reactivity of the utilized FA. The comparable PSDs between FA and the
STs compromise the particle packing efficiency within the matrix, which increases the internal
voids and porosity, leading to more continuous and larger cracks requiring greater self-healing
products to achieve closure. Moreover, the prolonged initial dormant period, because of its slower
reaction kinetics and reduced cement content, induces a suboptimal chemical environment for the
self-healing processes. Hence, the increasing content of FA also elevates the effective w/c ratio
within the CPB matrix, which adversely affects the development of mechanical and permeability
properties. This effect arises from the dilution of cement content, which weakens cement hydration
and reduces the precipitation of hydration products.

It is noteworthy that in the absence of external activators, the self-healing performance of BFS-
and FA-bearing CPB is governed by the intrinsic interactions among cement, tailings, and the
SCMs. These interactions are strongly dependent on the physical (e.g., fineness, morphology) and
chemical (e.g., mineralogical composition, glass content) characteristics of the SCMs. Such
properties, however, are not uniform and largely depend on their production processes, for example,
coal source variability and combustion efficiency for FA, and metallurgical extraction methods for
BFS (Maltais & Marchand, 1997; Behera et al., 2021). Consequently, the inherent heterogeneity of
SCMs can lead to inconsistent hydration reactions and variable self-healing behaviour in CPB. This
emphasizes the necessity of site-specific laboratory evaluations of SCM types and proportions to
ensure optimal self-healing performance in practical backfilling applications.

7.4 Novel Contributions of the Research

This doctoral research represents the first comprehensive and systematic investigation of the
autogenous self-healing behaviour of cemented paste backfill (CPB), an essential yet previously
unexplored property of this material system that plays a critical role in underground mine stability
and sustainability. While self-healing has been extensively studied in conventional cementitious
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materials such as concrete and mortar, no prior studies have characterized or quantified self-healing
in CPB, whose distinct composition (low binder content, high tailings fraction, and variable THMC
conditions) fundamentally differentiates it from traditional cement-based materials. The novelty of
this work lies in its integrated experimental framework, multiphysical coupling perspective, and
mechanistic interpretation of autogenous healing processes within CPB. The main contributions
can be summarized as follows.

(a) First demonstration of autogenous self-healing in CPB

This research provides the first direct experimental evidence that CPB possesses a measurable
autogenous self-healing capability. Through controlled pre-cracking, healing, and re-testing
procedures, the study demonstrates that CPB can partially or fully close micro- and macro-cracks,
recover a substantial portion of its mechanical strength, and significantly reduce its hydraulic
conductivity without any external healing agents. The healing is shown to result primarily from
continued binder hydration, dissolution-precipitation reactions, and the formation of crystalline
products such as C-S-H, CaCOs, Ca(OH),, ettringite, and gypsum. This finding fundamentally
extends the current understanding of CPB durability by introducing self-healing as an intrinsic
performance mechanism.

(b) Development of a unified experimental methodology for CPB self-healing evaluation

A robust and reproducible experimental framework was established to evaluate self-healing
efficiency through a combination of macroscopic performance recovery tests (uniaxial compressive
strength, tensile and shear strength, and hydraulic conductivity) and microscopic/microchemical
characterizations (e.g., SEM-EDS, XRD, TG/DTG, FTIR, MIP, and XR-pCT). This integrated
methodology enables multi-scale assessment of healing processes and provides the first
standardized protocol for quantifying self-healing performance in CPB under different
environmental and mechanical conditions.

(c) Comprehensive assessment of multiphysical (THMC) effects on CPB self-healing

A key novelty of this doctoral research lies in its systematic and integrative evaluation of the
thermal, hydraulic, mechanical, and chemical (THMC) factors that simultaneously govern the self-
healing performance of CPB. This is the first study to decouple and then interrelate these
multiphysical influences through a series of controlled laboratory investigations designed to
replicate realistic underground mine environments. The resulting framework provides a
mechanistic understanding of how each factor independently and interactively affects the kinetics,
extent, and durability of the autogenous healing process in CPB.

e Thermal (T) effects: Temperature exerts a dominant control over the rate and extent of CPB
self-healing by influencing hydration and carbonation reactions within the cementitious matrix.
The experimental results demonstrate that elevated curing temperatures (35-50 °C),
representative of deep-mine thermal conditions, markedly accelerate the dissolution of
anhydrous cement phases and enhance the secondary hydration of unreacted clinker grains,
leading to the formation of abundant C-S-H and CH. These reactions promote rapid crack
infilling and densification of the microstructure, resulting in faster and more complete recovery
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of compressive strength and permeability. Conversely, low temperatures near 2 °C, which are
analogous to permafrost or cold-mine environments, retard hydration kinetics and suppress the
precipitation of healing products, yielding minimal crack closure or property recovery even
after extended healing periods. This quantification of thermal sensitivity offers the first
evidence-based guideline for predicting self-healing efficiency across temperature gradients
encountered in Canadian and international underground mines.

Hydraulic (H) effects: The study establishes the critical role of hydraulic boundary conditions,
specifically water drainage and saturation state, in governing self-healing efficiency. Controlled
experiments under full, partial, and no drainage scenarios revealed that drainage enhances
healing through two coupled mechanisms: (i) facilitating the continuous supply and
redistribution of pore water necessary for ongoing hydration and ion migration, and (ii)
enabling the removal of excess water that could otherwise inhibit hydration or promote leaching.
Full-drainage conditions led to significant reductions in porosity and hydraulic conductivity,
accompanied by the precipitation of self-healing products within microcracks. In contrast,
undrained conditions produced limited healing due to stagnant pore water chemistry and
restricted ionic exchange. These findings provide a mechanistic explanation for field
observations that CPB placed in well-drained stopes tends to exhibit superior long-term
stability and reduced permeability.

Mechanical (M) effects: Another major contribution of this research is the first comparative
assessment of self-healing in CPB subjected to cracks induced under distinct loading regimes,
including uniaxial compression, triaxial shear, and indirect tensile stress. The results
demonstrate that the geometry, orientation, and confinement of cracks generated under different
stress states strongly influence healing outcomes. Shear and confined compression cracks,
characterized by narrow apertures and tortuous paths, provide favourable geometries for
product precipitation and crack bridging, thereby exhibiting high healing efficiency. In contrast,
tensile cracks, which are wider and less confined, show limited closure due to the reduced
likelihood of contact between crack surfaces and slower diffusion of healing reactants. This
mechanistic insight is crucial for understanding how in-situ stress regimes and mining-induced
loading conditions influence the self-repair potential of CPB in deep mines.

Chemical (C) effects: The influence of the internal chemical environment, especially sulphate
concentration, on CPB self-healing was also investigated for the first time. The study revealed
a dual or “threshold” effect: at low to moderate sulphate concentrations (< 5,000 ppm), sulphate
ions stimulate additional ettringite and gypsum formation within cracks, enhancing sealing and
densification. However, at higher concentrations (>25,000 ppm), excessive sulphate ingress
leads to expansive reactions, microcracking, and partial degradation of previously healed zones,
thereby compromising mechanical recovery. This nuanced understanding of sulphate-driven
healing and deterioration underscores the importance of chemical compatibility between
backfill composition and mine water chemistry.
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o Integrated implications: Together, these results demonstrate that self-healing in CPB is
governed by the interactions among THMC processes, where favourable combinations of
temperature, drainage, stress confinement, and moderate chemical environment promote
synergistic healing responses. The comprehensive THMC framework developed in this study
establishes a predictive, mechanistic basis for assessing CPB durability under field-relevant
multiphysical conditions. It provides a mechanistic basis to bridge the gap between laboratory-
scale healing observations and large-scale mine performance assessment, thereby enabling
engineers to design self-healing backfill systems optimized for site-specific thermal, hydraulic,
mechanical, and chemical environments.

(d) Discovery of the role of mineral additives in autogenous healing

The study pioneers the evaluation of supplementary cementitious materials (SCMs), specifically
blast furnace slag and fly ash, and elucidates their influence on the intrinsic autogenous self-healing
capacity of CPB. Their impacts arise from differences in chemical reactivity and physical
characteristics. The results show that the appropriate selection of SCM type and the optimization
of SCM replacement ratios can enhance hydration kinetics, pore structure refinement, and
precipitation of healing products, which collectively improve strength and permeability recovery.
This introduces a new pathway for designing low-carbon, self-healing CPB formulations with
improved sustainability and durability.

(e) Establishment of microstructural and mechanistic models of self-healing in CPB

By integrating experimental evidence from chemical, mineralogical, and microstructural analyses,
this thesis develops conceptual models describing the mechanisms and stages of autogenous self-
healing in CPB under varying THMC conditions. These models elucidate the interplay between
crack geometry, moisture state, and chemical reactions that control the nucleation and growth of
healing products within cracks and pores. The models serve as a scientific foundation for future
numerical simulations and predictive design tools for self-healing backfill systems.

(f) Practical implications for design, maintenance, and sustainability of backfill structures

This research provides the first science-based framework for integrating self-healing into CPB
design practice. The findings demonstrate how controlling curing temperature, drainage, binder
composition, and exposure chemistry can significantly enhance the long-term integrity and
environmental performance of CPB structures in underground mines. The proposed insights
contribute to reducing binder consumption and extending service life, thereby supporting cost-
effective, low-carbon, and resilient mine backfilling strategies.

In summary, this Ph.D. work transforms the understanding of cemented paste backfill from a
passive load-bearing material to a self-adaptive, self-healing system capable of automatic recovery
from damage. The originality lies not only in discovering and quantifying this phenomenon but
also in establishing the mechanistic, methodological, and practical foundations for its application
in sustainable underground mining and geo-infrastructure design.
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Chapter 8 Conclusions and Recommendations

8.1 General Conclusions

The main objective of this research is to explore the self-healing (autogenous healing) behaviour
of CPB materials and investigate its self-healing efficiency under multiphysical impacting factors
or conditions. To demonstrate the achievement of autogenous self-healing behaviour in CPB
materials, a preliminary experimental study was first conducted to explore the impacts of age of
cracking, pre-cracking levels, crack widths, and self-healing periods on the healing performance.
Thereafter, a systematic experimental program, including the effects of thermal (i.e., curing/healing
temperature), hydraulic (i.e., drainage condition), mechanical (i.e., different crack-inducing
stresses), chemical (i.e., sulphate content), as well as addition of mineral additives (i.e., BFS and
FA), was performed to provide a comprehensive understanding of the autogenous self-healing
performance and the evolution of the healing efficiency through the observations of crack closure,
mechanical properties recovery, permeability property recovery, assessments of physical and
microstructural properties changes, and characteristics of self-healing products. Additionally, a
type of natural tailings was incorporated into the preparation of CPB specimens to introduce
practical challenges from natural variability in tailings, reflecting the autogenous self-healing
behaviour in realistic formulations of CPB applications. Finally, the promising autogenous self-
healing capability was demonstrated in the CPB materials. The findings provide important practical
implications for the design and maintenance of the stability and durability of CPB structures. The
following conclusions can be drawn from the obtained results.

e CPBs demonstrate promising autogenous self-healing behaviour in the restoration of
mechanical and permeability properties through two primary mechanisms: continued hydration
of unhydrated cement particles and carbonation of calcium hydroxide. Continued hydration
predominantly facilitates crack closure within the internal matrix, while carbonation mainly
contributes to surface crack closure. The primary identified self-healing products include C-S-
H, ettringite, calcite, and calcium hydroxide, with the relative quantities of each varying
according to the healing conditions.

o Three distinct crack healing scenarios are observed, including complete healing, partial healing,
and no healing, which are highly dependent on the availability of self-healing products and the
crack geometry. Partial and no healing scenarios reflect the intrinsic limitations of autogenous
self-healing in the CPB matrix, where the cement content plays a critical role in determining
the maximum achievable healing capacity.

e Younger CPBs, in which cracks form at early ages, exhibit more pronounced autogenous
healing capability due to the higher content of unhydrated cement particles, indicating a greater
potential for autogenous self-healing.

o The generation of cracks initially compromises the mechanical strength and increases the
permeability of the CPB matrix. During the self-healing phase, the crack network provides the
pathways facilitating the ingress of carbon dioxide and evaporation of excessive water within
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the CPB matrix, which in turn promotes the carbonation and cement hydration processes,
thereby benefiting the self-healing mechanisms.

Healing/curing temperatures have a significant impact on the autogenous healing efficiency of
CPBs. Elevated temperatures up to 50 °C, as examined in this study, accelerate cement
hydration, resulting in the formation of a greater quantity of self-healing products within the
same self-healing period and shortening the overall healing duration. Conversely, low
temperatures, such as 2 °C, substantially delay and diminish the self-healing performance by
inhibiting cement hydration and limiting the production of self-healing products.

Drainage of excessive water from the CPB matrix significantly enhances the self-healing
efficiency. The drainage process delivers a promoted evolution of microstructural refinement
ascribed to the rearrangement of solids, which results in the matrix densification with reduced
total porosity and increases the contact surface area, benefiting the continued cement hydration.
Coupled with the lowered w/c ratio resulting from excess water drainage, the self-healing
processes are significantly improved with faster reaction and precipitation of healing products,
achieving more efficient recovery.

Sulphate exerts dual impacts on the autogenous self-healing behaviour, depending on the
sulphate concentration and self-healing period, which governs the formation of secondary
expansive hydrated minerals (i.e., ettringite and gypsum) and cement hydration products in the
sulphate-CPB system. CPB specimens with 5,000 ppm sulphate concentration perform
consistently positive self-healing behaviour through the entire studied self-healing period up to
90 days, attributed to the absence of inhibition effect and production of an adequate amount of
secondary hydrates. In contrast, highly sulfated specimens (i.e., 25,000 and 15,000 ppm)
demonstrate initially enhanced self-healing efficiency during the first 28 days, followed by an
opposite performance during the 90 days of the self-healing period. The negative effect is
associated with 1) physical damage (new cracks) due to the formation of excessive amounts of
expansive minerals, i1) production of weaker C-S-H gels because of sulphate absorption by C-
S-H, and iii) reduced amount of hydration products due to inhibition of cement hydration at
high sulphate concentrations.

The CPB specimens pre-cracked under uniaxial compression, triaxial compression, and indirect
tensile loading exhibit mixed tensile-shear, predominantly shear, and pure tensile crack patterns,
respectively. The synergy between the induced crack morphology within the matrix and
chemical self-healing reactions (i.e., continued cement hydration and carbonation) emerges as
a critical factor underlying the observed self-healing efficiency. Specimens subjected to
uniaxial compression and triaxial compression loading show comparably promising self-
healing efficiencies. The partially closed and narrow aperture shear cracks allow the self-
healing products to fill cavities more efficiently and promote the direct contact between the
rough crack surfaces compared to large tensile cracks, generating additional resistance from
friction and benefiting the healing efficiency. In contrast, in disc-shaped specimens subjected
to indirect tensile loading, the traverse tensile cracks compromise structural integrity, resulting
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in largely unclosed and mechanically disconnected cracks after healing, which leads to inferior
self-healing efficiency.

The incorporation of SCMs, including BFS and FA, affects the self-healing performance of the
CPB system through their contributions to binder hydration mechanisms and microstructural
modifications, which depend on their chemical reactivity and physical characteristics.
Appropriate dosages of BFS (e.g., PCI/BFS:80/20 and PCI/BFS:50/50) promote the self-
healing efficiency compared to the PCI-only CPB system at early or long-term self-healing
period via secondary latent hydraulic reactions between BFS and calcium hydroxide, and the
associated microstructural densification. However, excessive replacement of PCI (e.g.,
PCI/BFS:20/80) limits the available cement within the matrix, constraining the primary self-
healing mechanisms.

The incorporation of FA substantially undermines the self-healing capacity of the PCI/FA
system, with only the PCI/FA:80/20 specimens exhibiting relatively satisfactory healing
performance, whereas increasing the FA proportion leads to inferior self-healing due to the
combined effects of dormant pozzolanic reactivity, dilution of cement content, and inherent
physical characteristics of FA.

Autogenous self-healing can generally restore the mechanical properties of the studied CPB
matrices after the self-healing period of 7 or 28 days, with further strength improvement
observed after 90 days under specific healing conditions, mainly attributed to the enhanced
binder hydrations, which strengthen the matrix and improve interparticle bonding. However,
complete restoration of permeability (hydraulic conductivity) is rarely achieved through an
autogenous self-healing process, as the limited binder content constrains the quantity of self-
healing products available to fill all micro- and macro-cracks.

By considering and integrating the autogenous self-healing, the durability, stability, and
resilience of the designed CPB can be significantly enhanced, contributing to safer, more cost-
effective, and sustainable mining practices. Furthermore, the self-healing property is able to
favour the environmental performance by minimizing leaching and contamination risks
associated with cracked backfill structures.

8.2 Research Limitations and Recommendations for Future Studies

Based on the findings of this research, the following recommendations are proposed for further
investigation.

The CPB structure is exposed to various conditions once placed underground, which is directly
related to the healing conditions during the self-healing phase. Since a single healing exposure
condition was adopted in this study, future investigations should broaden the scope to various
exposure conditions representative of field application, such as wet/dry cycles, freeze/thaw
cycles, healing under stresses, etc.
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The synergistic effects among THMC factors, such as coupled chemical-thermal, hydro-
mechanical, and other interactions, could be further investigated to improve the understanding
of their interactive impacts on the healing performance of CPB.

It would be beneficial to link the crack geometry/damage from various pre-cracking levels to
the corresponding self-healing efficiencies, which could favour the prediction of recovery of
the properties.

The selection of mineral additives should be based on each specific tailings/slurry. The effects
of the incorporation of BFS and FA on the self-healing efficiency are not fully revealed, and
future studies could adopt the external CH supply and a more extended self-healing period to
maximize the latent hydraulic potential of BFS and the pozzolanic activity of FA on the healing.

Non-destructive techniques, such as ultrasonic pulse velocity or resonant frequency testing,
could be explored in future studies to monitor the progression of self-healing within the same
specimens over multiple self-healing periods.

As tailings characterization varies between mines, it is essential to conduct laboratory testing
for site-specific backfill formulations. Future research should incorporate a broader range of
mine tailings with different characteristics to extend these findings to diverse field conditions.

Given the limitation of the autogenous self-healing capacity in CPB, an autonomous healing
method can be incorporated by externally adding healing agents, such as superabsorbent
polymers, nanomaterials, etc., to explore their potential contributions to enhance the healing
efficiency.
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