RHEOLOGICAL PROPERTIES AND PERMEABILITY
PROPERTIES OF CEMENTED AND UNCEMENTED
HIGH-DENSITY PASTE TAILINGS: EFFECT OF
SULPHIDE MINERALS

MIRACLE OYEWALE

Thesis submitted to the University of Ottawa in partial fulfilment of the requirements
for the degree of Doctor of Philosophy in Environmental Engineering.

Thesis Supervisor: Prof. Mamadou Fall
Thesis Co-supervisor: Dr. Alireza Ghirian

o,

11

uOttawa

Ottawa-Carleton Institute for Environmental Engineering (OCIENE)
Department of Civil Engineering
Faculty of Engineering
University of Ottawa

© Miracle Oyewale, Ottawa, Canada, 2026



ABSTRACT

The sustainable management of sulphide-bearing mine tailings remains one of the most pressing
environmental and geotechnical challenges in modern mining. This challenge arises from the
reactive nature of iron sulphide minerals, particularly pyrite (FeS:), which oxidizes to produce
acid, leading to structural instability and environmental degradation. To curb these impacts, several
tailings management strategies have been developed. Among the emerging approaches, paste
tailings (PT) technology has emerged as a sustainable solution as it repurposes tailings into a dense,
often cemented material that provides structural support for underground excavations, enhances
storage stability, and mitigates acid mine drainage risks. Beyond its technical benefits, this
approach contributes to environmental protection and supports the mining industry’s transition
toward more sustainable waste management practices.

PTs can be used underground as cemented paste backfill (CPB) or on the surface as uncemented
(UPT) or lightly cemented paste tailings (LCPT). CPB and LCPT are composed of tailings, binder,
and water, while UPT contains no binder. Preparation occurs at surface backfill plants, and the
mixtures are transported to deposition sites by pumping or gravity flow. Consequently, flowability
(or rheological properties) is a key design parameter. Once placed, PTs must exhibit low
permeability to limit the movement of water and air, which can trigger acid generation and
contaminant leaching. Therefore, understanding and optimizing both rheology and permeability
properties are critical to the safe and sustainable design of PT systems.

However, there is limited knowledge about these properties, particularly when reactive pyrite-
bearing tailings are incorporated. Pyrite addition may significantly alter the rheological and
permeability behaviour of PTs. To address this knowledge gap, this study conducted a
comprehensive laboratory investigation of PTs containing pyrite under various mix conditions

(tailings type, binder composition, curing time, and pyrite content) that simulate field
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environments. Tests included rheological (vane shear, viscosity), hydraulic (permeability), and
physicochemical (pH, -electrical conductivity, porosity, and void ratio) measurements.
Complementary microstructural analyses, including thermogravimetric (TG/DTG), X-ray
diffraction (XRD), and scanning electron microscopy (SEM), were performed to interpret the
mechanisms governing the behaviour.

Results showed that increasing pyrite content elevated yield stress and viscosity, reducing
flowability. Slag—Portland cement blends exhibited better flow characteristics than pure Portland
cement systems. Permeability increased with higher pyrite and sulphate levels due to ettringite and
gypsum formation, which caused microcracking and pore enlargement. Air exposure intensified
oxidation and matrix weakening. Overall, binder type, sulphate concentration, and oxidation
control were identified as critical factors for ensuring the long-term stability and durability of

sulphide-bearing paste tailings.
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Chapter 1. Introduction

CHAPTER ONE.
GENERAL INTRODUCTION

1.1 BACKGROUND OF STUDY

The mining sector has continued to play a pivotal role in human civilization throughout
millennia (Morrice et al., 2013; Qi et al., 2016). In ancient civilizations, mining was instrumental
in driving economic development in Classic Greece and the Roman Empire, particularly through
the extraction of materials like lead, copper, and gold for currency production and construction
(Fernandez-Lozano et al., 2015; Carvalho et al., 2017). As the Industrial Revolution era unfolded,
mining assumed a greater significance by supplying essential raw materials needed for
manufacturing and infrastructure development (Carvalho et al., 2017). The 20" century marked a
significant turning point for the mining sector because the sector underwent global expansion and
adoption of cutting-edge technologies that facilitated the feasibility of excavating valuable
resources from remote and challenging environments (EB, 2017; Carvalho et al., 2017). This era
also witnessed the emergence of mining conglomerates and the ascendancy of resource-rich
nations as influential global players (Osama and Elhassan, 2022; Gilbria, 2014). Today, the mining
sector has evolved into a global economic powerhouse, driving job creation, fueling economic
expansion and promoting technological innovation through the extraction and processing of
valuable minerals, metals and energy sources from within the earth's crust (Coelho et al., 2011;
Haddaway et al., 2019; Hossain et al., 2013; Worlanyo and Jiangfeng, 2021).

According to data collated by Statista, in 2021, the global revenue generated from leading

mining companies, representing a vast majority of the whole industry, was about 925 billion U.S.

1
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dollars (Statista, 2023). On a national scale, the mining sector accounts for a dominant share of
national wealth in both developing and developed countries. Ericsson and Lof (2018) stated that
mining contributes approximately 10-20% of a nation's Gross domestic product (GDP), accounts
for 50% or more of a country's exports and countries like China, America, Russia, Brazil, and
Canada are leading mining hubs. The Canadian mining sector is a global leader in producing a
diverse range of more than 60 minerals and metals (Natural Resources Canada, 2023). The
economic significance of minerals and metals to Canada's economy falls within a range of 2.7%
to 4.5% of the nation's real GDP (Marshall, 2021), which is about $91 billion (Natural Resources
Canada, 2023). Furthermore, the broader extractive industry, which encompasses mineral, oil, and
gas extraction, substantially contributed about $148.4 billion, equivalent to 7.9% of Canada's real
GDP in 2020 (Marshall, 2021). Although the mining sector stands as a fundamental driver of
Canada's economy and provides employment to nearly 403,000 Canadians (Natural Resources
Canada, 2023), it is also noteworthy to know that mining activities have severe global ecological
footprints (Carvalho et al., 2017).

Past mining operations have left a lasting imprint on the environment. Among the numerous
issues that have emerged, the problems of mine waste (tailings) disposal and acid mine drainage
(AMD) are of global concern (Carvalho et al., 2017). Tailings are voluminous waste products of
mining process and typically contain toxic elements like acid-generating sulphides (e.g., pyrite,
pyrrhotite), heavy metals (e.g., arsenic (As) and cadmium (Cd)), and other contaminants that may
cause severe environmental issues like acid mine drainage if leached into the surrounding
environment (e.g., surface and groundwater, soil) (Nordstrom, 2011; Jain et al., 2016; Carvalho et
al., 2017). Among the different types of mine waste, sulphide-bearing tailings are the most

hazardous due to their potential to cause AMD (Dold, 2014; Ohlander et al., 2012). This elevated
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risk is attributed to the fact that when sulphidic tailings (containing pyrite) are exposed to air and
water, they are known to undergo oxidation processes, resulting in AMD (Buckby et al., 2003).
Although AMD can be generated naturally, it is also a known fact that mining activities increase
the rate of acid formation by exposing a large volume of sulphide waste to the biogeosphere
(Kumari et al., 2010). Therefore, it is imperative that mine tailings must be appropriately managed
to prevent or minimize environmental, social and economic impacts (Benzaazoua et al., 2008).
Several mining disposal and mine waste management methods like desulphurization, dry
stacking, paste tailings (cemented paste backfills (CPBs) and uncemented paste tailings (UPTs)),
and/or a combination of these approaches have been proposed or put into practice to
prevent/minimize the negative impacts of sulphidic tailings like AMD (Benzaazoua et al., 2008;
Bois et al., 2012). Among these technologies, paste tailings (PTs) is one of the most innovative,
cost-effective, and environmentally beneficial approaches adopted for reducing voluminous mine
wastes and disposing hazardous sulphidic tailings generated during mining (Fall et al., 2005; Nasir
and Fall, 2008). PTs can be used for backfilling underground mines in the form of cemented paste
backfill (CPB) or for surface tailings disposal in the form of uncemented paste tailings (UPT) or
lightly cemented paste tailings (LCPT) (Tariq and Ernest, 2013). CPB and LCPT are cementitious
materials composed of tailings (usually 70%—85% of the total solid content), binder (2%—7% (for
CPB)/ < 1% (for LCPT) of the total solid mass), and water (Hassani and Archibald, 1998;
Benzaazoua et al., 2004; Fall et al., 2010), while UPT is similar to CPB and LCPT in terms of
composition and preparation, but do not contain cement or binder. PT (e.g., CPB, UPT and LCPT)
preparation is usually completed at the ground surface (e.g., backfill plant) and then transported to
final deposition sites (by pumping or/and gravity) (Liu and Fall, 2022). Hence, the transportability

(which depends on rheological properties) of PT is a specific characteristic/property to consider
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when transporting PT because if the transported material does not have suitable
transportability/flowability, clogging of the pipelines might occur, which will lead to significant
financial losses (e.g. flow delays/ interruption of the progress of PT production which may require
possible replacement of the pipelines) (Li and Fall 2016; Haruna and Fall 2020; Bannister, 1980).

Aside from transportability (flowability), other key performance characteristics/properties
to consider in preparing paste tailings are its mechanical stability (usually evaluated by strength),
cost (depends on binder consumption) and, just as importantly, the environmental performance of
the PT mixture (Fall et al., 2014). The environmental performance of PT is generally evaluated by
its permeability and reactivity (Fall et al., 2005). This encompasses different mechanisms,
including susceptibility to acid mine drainage, oxygen transport capacity and leaching potential.
The aforementioned mechanisms are strongly influenced by the permeation properties of the PT,
specifically its saturated hydraulic conductivity (Yilmaz, 2011; Ghirian and Fall, 2014; Fall et al.,
2009; Levens et al., 1996). The saturated hydraulic conductivity provides essential information
about the pore structure (e.g., coarseness, pore connectivity, presence of cracks) of PT. Deficient
pore structure and cracks can result in rapid transfer of fluid (e.g., water and oxygen) between PT
and adjacent rock, ore or environment which may increase the oxidation risk of sulphides (pyrite)
present in the backfill material, thereby reducing the CPB/UPT/LCPT service life or increasing its
ability to release contaminants into surrounding water bodies (Fall et al., 2009; Levens et al., 1996).
Thus, improving the knowledge of PT approach by studying key performance properties (like
rheological and permeability) of various mixture components and aspects of PT preparation would
benefit the mining industry by enabling more environmentally friendly design of

CPBs/LCPTs/UPTs and better tailings management practices.
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1.2 STATEMENT OF PROBLEM

Paste-based technologies such as UPT, LCPT, and CPB are increasingly used in mine waste
management because of their advantages in disposal efficiency and environmental control. However, their
performance is strongly influenced by the nature of the tailings used, particularly when the tailings contain
sulphide minerals such as pyrite. Sulphide-rich tailings present a high risk of acid mine drainage (AMD)
generation and may alter the movement of oxygen and water within the paste matrix. These processes play
a crucial role in determining both the short- and long-term behaviour of paste materials.

While several studies have examined the general rheological and hydraulic characteristics of paste
mixtures, very little work has examined how pyrite content affects these properties. This gap is significant
because rheological behaviour directly influences paste transport and deposition, whereas permeation
behaviour governs fluid ingress, which drives sulphide oxidation and AMD development. Without a clear
understanding of how pyrite-bearing tailings modify these key properties, designing reliable and
environmentally sound paste disposal systems remains challenging.

Currently, there is limited experimental evidence describing the effects of varying pyrite contents on the
yield stress, viscosity, and permeation characteristics of UPT, LCPT, and CPB used for surface and
underground disposal. This lack of targeted information restricts the development of optimized mixture
designs and predictive tools that could improve both operational performance and long-term
environmental protection in mines handling sulphide-rich tailings.

This study addresses this critical knowledge gap by experimentally examining how pyrite minerals and
their content influence the rheological and permeation behaviour of UPT and LCPT for surface paste

disposal, as well as CPB for underground paste disposal.
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1.3

RESEARCH OBJECTIVES

The overall goal of this research is to acquire an in-depth understanding of the effect of pyrite minerals

on the rheological and permeability properties of CPB, LCPT and UPT. The specific objectives

are:

To investigate the effect of pyrite content on the rheological properties of paste tailings intended for
surface disposal.

To evaluate the influence of pyrite on the rheological behaviour of underground cemented paste
tailings.
To examine the impact of pyrite on the permeability characteristics of paste tailings designed for

surface disposal.

To assess the effect of pyrite content on the permeability properties of underground cemented paste
tailings.
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1.4 RESEARCH APPROACH

The research approaches and methods implemented in this study are illustrated
schematically in Figure 1. To accomplish the listed study objectives in section 1.3, laboratory testing
procedures for paste mixtures with pyrite have been utilized to assess its critical engineering design
properties (rheological and permeability properties) under several mix components (tailings, binder
type and pyrite content), and various curing conditions close to those encountered in the field.
Preliminary review of the literature and a study of the theoretical background on the subject
facilitated the selection of appropriate test methods for the investigations. Non-reactive synthetic
silica tailings were used to prepare the paste mixtures. The use of non-reactive synthetic silica tailings
can generally provide a certain level of confidence in the obtained results by controlling the effects
of various reactive minerals that can be found in the natural tailings, which may alter the cement
hydration process. Portland cement type I (PCI) and blast furnace slag (SG) in different proportions
were used as binders. The mixing water type used was tap water. The main engineering properties
investigated were yield stress, viscosity, and saturated hydraulic conductivity. The PT mixtures were
prepared and cured under room temperature.

Microstructural analyses and monitoring tests were employed to have a better
understanding of the mechanisms responsible for the behaviors observed from various tests. Zeta
potential, electrical conductivity, and pH monitoring were performed on fresh PT mixtures to
examine changes caused by binder hydration under the influence of the pyrite and different curing
times. Mercury intrusion porosimetry (MIP), thermal analyses (TG/DTG), and X-ray diffraction
(XRD) were conducted on some selected dried PT samples. Detailed description of all the

experimental tests conducted are presented in the respective chapters.
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1.5 ORGANIZATION OF THESIS MANUSCRIPT
This Ph.D. thesis is structured into eight chapters, which contain discussions of the
different tasks and objectives of the current PhD research. Figure 2 presents the structure of the
flowchart of this thesis. Chapter One is a general introduction, which contains problem
statements, objectives, and research methods employed in this research. Chapter Two is
structured to provide a comprehensive literature review and/or background information on tailings,
sulphide minerals, tailings management methods, CPB technique and performance, binder
hydration and past studies on the rheological and permeability properties of paste tailings.
Chapters Three to Six are structured into a manuscript-based thesis format, which comprises four
technical manuscripts. Each manuscript includes an introduction, materials and methods, results,
and discussion, as well as a summary and conclusions. Therefore, some information in these
manuscripts may be repeated as each paper is independently written following the manuscript
preparation instructions of the corresponding publication journal. Chapters Three and Four
present the experimental works and results on the effects of pyrite on the rheological properties of
paste tailings for surface disposal (Chapter Three) and underground disposal (Chapter Four).
Chapters Five and Six cover the experimental works and results on the effects of pyrite on the
permeability properties of paste tailings for surface disposal (Chapter Five) and underground
disposal (Chapter Six). Chapter Seven of this dissertation synthesizes and discusses the overall
results obtained from this thesis. Finally, Chapter Eight presents the conclusion and future
suggestions for advancing future works on the effect of pyrite on the material properties of paste
tailings for surface and underground disposal. This chapter will also give recommendations for

future studies.
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CHAPTER TWO.
THEORETICAL AND TECHNICAL BACKGROUND

2.1 INTRODUCTION

This chapter provides a comprehensive review of the theoretical and technical background
information pertaining to cemented and uncemented paste tailings. The information provided is
required for a better understanding of the investigations performed and reported in this thesis.
Section 2.2 provides a general overview of tailings, their properties, how tailings are generated,
and environmental impacts of mine tailings. In Section 2.3, an in-depth literature review is done
on sulphide minerals, which are among the most hazardous components of tailings. Section 2.4
delves into the types of surface and underground tailings management techniques that have been
utilized over the years, while Section 2.5 focuses on CPB technology, including its design criteria
and the key properties that govern its engineering performance. The concluding section of this
chapter (Section 2.6) provides a concise literature review on the rheological and permeability
properties of cemented and uncemented paste tailings and finally pinpoints the specific research

gap that this current study aims to address.

2.2 TAILINGS
Tailings are unwanted by-products (e.g., silicates, oxides, hydroxides, carbonates, and
sulphides) of ore beneficiation processes (Gou et al., 2019; Dimitrova and Yanful, 2012;

Lottermoser, 2010). These waste materials are the remnants left behind after the economic fraction
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of a mineral ore has been extracted, and they are known for their voluminous quantity (Oberle et
al., 2020), as depicted in Figure 1. Tailings are a composite mixture of ground rock slurries, water,
and chemical reagents generated through a mineral concentration process which encompasses
several steps (Oberle et al., 2020). First, the mineral-bearing rock or ore is removed from the Earth

through open-pit mining, underground mining, or other specialized methods (EC, 2009).
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Figure 1: Estimate of the volume of tailings and waste rock produced in 2016 (USGS, 2016).

Then the mine ore is reduced in size to facilitate the separation of the desired mineral from
the host rock through crushing and grinding processes. The final steps of the mineral concentration
process include ore separation and concentrate dewatering. Tailings are generated in the ore
separation step, as this step entails the separation of the valuable material (generally referred to as
head) from the waste slurry material (tail) known as tailings illustrated in Figure 2 (EC, 2009). The
characteristics and compositions of tailings are dependent on the mineralogy of the ore deposit,
the geochemistry, the particle size of the crushed material, the type of chemicals used in mineral

processing, and the nature of the processing steps (James et al., 2013; Kiventer et al., 2020). The
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grain particle size of tailings ranges from colloids and silts (less than 0.001-0.002 mm) to fine
sands (> 0.075 mm) and their grain shape is generally more angular than natural soil particles
(Rodriguez and Edeskir, 2013). In PT technology, tailings constitute about 70-85% by weight of
the paste fill mixture (Aldea, 2010); hence, their characteristics/properties play a significant role
in determining the stability and performance of UPT/CPB (Kesimal et al., 2005; Fall et al., 2004).

These properties are briefly discussed in Section 2.2.1.

Waste Waste Rock
D <= <. s |
Rock Pile
Ore L e -~ 1
-~
~ Y

-~
Crushing W Waste

¢ Water

Recycle Water

Water & = = > Grinding R S — - — - A— — —A
Reagents
{depending on i
process used) -~
-~ Tailings

A Ore

Separation

v

Concentrate Waste
Dewatering Water

b

Ore Concentrate for
Further Processing

Management

Facility

Figure 2: Typical activities in mining operations (Environment Canada, 2009).

2.2.1 PROPERTIES OF TAILINGS
2.2.1.1 PHYSICAL PROPERTIES
The physical properties of tailings are integral to the success of UPT/CPB technology.

These properties such as particle size distribution, specific gravity, porosity, specific surface area,
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and density are known to have a significant impact on the transportability, dimensional stability,

strength, cost, and water volume requirements for UPT/CPB systems (Fall et al., 2005). Various

researchers, such as Kesimal et al. (2005), Fall et al. (2004), and Benzaazoua and Kongolo (2003),
have investigated the impact of these properties on PT system performance. The particle size
distribution of PT backfill material influences the backfill performance, and this is mainly due to
varying specific surface area with varying particle size distribution (Kesimal et al., 2003;
Sivakugan et al., 2006). It was revealed that the percentage of fine particles in tailings played a
vital role in PT performance because the presence of fine particles (< 20um) is essential in
preventing the segregation of the paste constituents. This enhances the water-holding capacity,
prevents bleeding of water in paste fill and facilitates the flow characteristics of paste fill
(Landriault et al., 2000; Fall et al., 2004). The shape of tailings particles also affects consolidation,
settling of backfill and the durability of paste pipeline as irregular and angular particle creates high
wear and tear of paste fill pipeline (Fall et al., 2005).

The presence of fine particles also influences microstructure of PT, particularly its pore size
distribution and porosity. The porosity and pore size distribution further influences the drainage
capacity of UPT/CPB (Fall et al., 2004). Most published research has revealed that cementitious
mixtures containing tailings as fine aggregate had a higher water absorption percentage due to
capillarity (Fontes et al., 2016) or higher fine content and specific surface area values of tailings
(Argane et al., 2016). Shettima et al. (2016) described that concrete with tailings absorbed more
water than control specimen; but water absorption decreased with increase in age because tailings
occupy the macro and micro pores of cementitious concrete. Additionally, a proportional
relationship exists between an increase in the volume of fine particles in tailings and the water
demand of the paste. Similarly, there's also a proportional connection between the water

consumption of the hydraulic binder and the density of tailings in the mixture. This implies that
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the use of high-density tailings leads to higher cement consumption in cemented paste backfill

(CPB) production, resulting in increased costs for CPB (Fall et al., 2004).

2.2.1.2 CHEMICAL PROPERTIES

The chemical properties of tailings are also vital properties to consider in PT technology.
The chemical properties (e.g acidity, reactivity, potential for metal leaching and presence of
specific contaminants like heavy metals) of tailings depend on the mineralogy of the ore body, the
nature of the processing fluids used to extract the economic metals, the efficiency of the extraction
process and the degree of weathering during storage (Kossoff et al., 2014). Aldea (2010) revealed
that the chemical properties of tailings need to be identified to ensure compatibility with the binders
used in the paste mix. For instance, the presence of sulphur in the tailings increases the density of
UPT/CPB mixtures as well as enhances the strength of the paste due to the addition of more binder
(Fall et al., 2004). On the other hand, a high sulphur content can cause degradation of CPB because

of sulphate attacks.

2.2.1.3 MINERALOGICAL PROPERTIES

The mineral properties of tailings play a crucial role in shaping the characteristics and
performance of backfill because specific minerals present have a significant influence on the
properties and functioning of backfill operations (Lu et al., 2018; Zhang et al., 2017; Xu et al.,
2018; Nouairi et al.,, 2018). For example, the abundance of clay minerals and quartz can
respectively affect the water retention capacity and abrasiveness (leading to pipeline wear and tear)
of PT backfill (Mishra et al., 2010; Qi et al., 2018; Wu et al., 2019). Similarly, excessive sulphide
in waste materials may result in a long-term reduction of the strength of the backfill mass. This

reduction in strength occurs due to the generation of acid when sulphide-rich waste reacts with
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water and the acid weakens the calcium silicate hydrate (C-S-H) bonds (Ouellet et al., 2006;

Burchfield et al., 1979, Fourie et al., 2001; Roa et al., 20006).

2.2.2 ENVIRONMENTAL IMPACTS OF MINE TAILINGS

Mining operations and their resulting by-products (tailings) are known to greatly contribute
to environmental pollution, which may lead to serious human health risks, loss of biodiversity and
long-term impairment of waterways (Hatje et al., 2017). The foremost impacts of this process
include acid mine drainage (AMD) and potential contamination of soil, water
(surface/underground water), and air from enriched mine tailings (Singer and Stumm, 1970;
Cacciuttolo and Cano, 2022). The composition of tailings is known to encompass various
chemicals, such as sodium ethyl xanthate, sodium cyanide, copper sulphate, pine oil tar, fatty acid
soaps, dithiophosphates, collectors, foaming agents, and lime, as well as elevated concentrations
of naturally occurring heavy metals (like cadmium, chromium, manganese, arsenic, lead, and zinc)
(Ayres et al., 2002; Cacciuttolo and Cano, 2022). These substances are recognized as highly toxic
and hazardous to the ecosystem. For example, research has shown that the release of toxic
chemicals like cyanide into water and soil from tailings can lead to water contamination, adversely
affecting aquatic life. Aquatic life, such as fish and marine invertebrates, are particularly vulnerable
to cyanide exposure, with concentrations as low as 5.0 to 7.2 pg/L impacting swimming ability and
reproduction, and concentrations above 200 pg/L causing rapid toxic effects for most aquatic
species. Terrestrial birds and mammals can also face toxic levels of cyanide inhalation through the
food chain, with specific toxic levels for inhalation related to body weight (Medina and Anderson,
2020; Cacciuttolo and Cano, 2022). In humans, exposure to cyanide concentrations of 20-40 ppm
in air after several hours may cause respiratory distress, while concentrations above 250 ppm can

lead to death within minutes (Cacciuttolo and Cano, 2022). Other chemicals found
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In tailings, such as sodium ethyl xanthate, dithiophosphate-1404, methyl isobutyl carbinol
(MIBC), and Dowfroth 250 (a foaming agent), are also recognized as toxic, presenting potential
risks to both human health and the environment (Chockalingam et al., 2003; Dopson et al., 2006). A
more serious impact of tailings is the generation of AMD, resulting from the exposure of sulphide-
bearing tailings to the surrounding environment (Xu et al., 2019). This process creates acidic
conditions that harm human health and ecosystems. Ongoing acid-generating reactions associated
with acid mine drainage (AMD) promote the migration of dissolved elements into nearby receptors,
including surface runoff, soils, sediments, and local ecosystems (Abraham and Susan 2017; Torres
et al. 2018; Park et al. 2019). As a result, this phenomenon has long-lasting and harmful
consequences on public health and the ecological environment, as highlighted in
comprehensive reviews (Liao et al. 2016, 2017). Section 2.3 gives extensive information on

sulphide minerals and pyrite, which are known to be the dominant cause of AMD.

2.3 SULPHIDE MINERALS

Sulphide minerals are a class of minerals containing sulphide (S*) or disulphide (S, %) as
the major anion. They are an important group of ore minerals because they are responsible for the
concentration of a wide range of mineable deposits like nonferrous and precious metals such as
gold, silver, copper, zinc etc (Chanturiya et al., 2022). In ore mining and mineral processing,
sulphide-containing ores are also known to be one of the most environmentally hazardous types of
metallurgical wastes. This is largely attributed to the fact that during waste storage, sulphide
minerals (particularly pyrite and pyrrhotite), oxidize forming sulphuric acid (acid mine drainage
(AMD)), ferrous and non-ferrous sulphates (Kalinnikov et al., 2001; Parbhakar-Fox et al., 2013;

Chanturiya et al., 2022). Several hundred sulphide minerals have been reported in literature, but
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only five are sufficiently abundant accessory minerals to have been categorized as ‘rock forming’
(Bowles et al. 2011). These five are pyrite, pyrrhotite (iron ore), galena (lead ore), sphalerite (zinc
ore) and chalcopyrite (copper ore), with iron sulphides (pyrite and pyrrhotite) being dominant
(Vaughan and Corkhill, 2017). Table 2.1 shows the main types of ore deposits that contain
significant amounts of sulphide minerals, their major ore minerals and the metals extracted from
them.

Table 1: The major types of sulphide ore deposits.

TYPE MAJOR ORE MINERALS* METALS EXTRACTED
Ores related to mafic and ultramafic intrusions

Sulphide nickel deposits Po, Pn, Py, Cpy, Viol Ni, Cu, Co, Pgm

Merensky reef platinum Po, Pn, Cpy Ni, Cu, Pgm

Ores related to felsic intrusive rocks

Tin and tungsten skarns Py, Cass, Sph, Cpy, Wf Sn, W
Zinc—lead skarns Py, Sph, Gn Zn, Pb

Copper skarns Py, Cpy Cu, Au
Porphyry copper/molybdenum Py, Cpy, Bn, Mbd Cu, Mo, Au
Polymetallic veins Py, Cpy, Gn, Sph, Ttd Cu, Pb, Zn, Ag
High sulfidation ores Py, Enar, Cov, Ten, Au Cu, Au, Ag

Ores related to marine mafic extrusive rocks

Cyprus-type massive sulphides Py, Cpy Cu
Besshi-type massive sulphides Py, Cpy, Sph, Gn Cu, Pb, Zn

Ores related to subaerial felsic to mafic extrusive rocks

Creede-type epithermal veins Py, Sph, Gn, Cpy, Ttd, Asp Cu, Pb, Zn, Ag, Au
Ores related to marine felsic to mafic extrusive rocks

Kuroko-type Py, Cpy, Gn, Sph, Ttd, Asp Cu, Pb, Zn, Ag, Au

Ores in clastic sedimentary rocks

Quartz pebble U-gold Py, Uran, Gold Au, U
Sandstone-hosted lead—zinc Py, Sph, Gn Pb, Zn, Cd
Sedimentary exhalative lead—zinc Py, Sph, Gn, Cpy, Asp, Ttd, Po Cu, Pb, Zn, Au, Ag

Ores in carbonate rocks

Mississippi Valley type Py, Gn, Sph Zn, Pb, Cd, Ga, Ge

Source: (Vaughan and Corkhill, 2017).

*Abbreviations used are as follows: Asp—Arsenopyrite, Au—Gold, Bn—Bornite, Cass—Cassiterite, Cov—Covellite, Cpy—Chalcopyrite, Enar—
Enargite, Gn—Galena, Mbd—Molybdenite, PGM—Platinum Group Minerals, Pn—Pentlandite, Po—Pyrrhotite, Py—Pyrite, Sph—Sphalerite, Ten—
Tennantite, Ttd—Tetrahedrite, Uran—Uraninite, Viol-Violarite, Wf~Wolframite
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2.3.1 MAJOR TYPES OF SULPHIDE MINERALS
2.3.1.1 IRON SULPHIDES

Iron sulphides are accessory minerals that play a crucial role in mining activities, particularly
in the extraction of valuable metals. They are known to exist in different oxidation states (Fe 2* and
Fe 3") and different forms such as pyrite, marcasite (FeSz), greigite (FesS4), pyrrhotite (FeixS),
mackinawite (FeSi.x), and troilite (FeS) (Esmaeely and Nesic, 2017). Numerous studies have shown
that pyrite and pyrrhotite are the two most reactive (Agboola et al., 2020) and abundant iron sulphide
minerals found in mined aggregates (Jeyakaran et al., 2023; Chanturiya et al., 2022; Cohn et al.,
2006; Schoonen et al., 2006; Schoonen et al., 2010). In geotechnical engineering design and
concrete or CPB technology, studies have shown that utilization of aggregates containing iron
sulphides may be detrimental to concrete structures. According to Kleiv (2021), aggregates
containing iron sulphide minerals like pyrite can undergo oxidative reactions, which may cause
expansion of concrete structures. This expansion may affect the service life (Jeyakaran et al., 2023)
and structural performance of concrete by causing map cracking, progressive decline in
theconcrete’s strength and stiffness, pop-outs and rust stains (Jeyakaran et al., 2021; Saengsoy et al.,

2021; Mosallamy and Shehata, 2020).

2.3.1.2 COPPER SULPHIDES
Copper is a common toxic element found in tailings from mining operations (Smuda et al.,
2008), due to the current technological challenges associated with fully extracting the metal from
the ore (Smuda et al., 2008). In economic ores, it exists as an oxide, sulphate, or sulphide, with
copper sulphide ore constituting 80% of the overall copper resource and major source of metallic
copper (Davenport et al., 2002). In tailings, copper is commonly found in the Cu*? oxidation state,

in the form of oxides (CuO), sulphates (CuSO4) and sulphides such as chalcopyrite (CuFeS»),
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bornite (CusFeSs), covellite (CuS), and chalcocite (CuzS) (Chen et al., 2020). Academic research
has shown that the presence of copper in hydrated cement causes strength loss at replacement
levels over 1% (Ma et al., 2010). Furthermore, a study conducted by Onuaguluchi and Eren (2012)
reported that concrete mixtures with a 10% replacement level of copper tailing (% by mass of
cement replaced by tailing), showed higher resistance to acid attack, and lower resistance to
sulphate attack compared to concrete mixtures with no replacement. Further studies by Vargas and
Lopez (2018) showed that concrete mixtures with a 40% replacement level of treated copper

tailings showed a minimum loss of mechanical strength, depending on the nature of the tailing.

2.3.1.3 LEAD SULPHIDES

Lead sulphide is an inorganic compound with the chemical formula PbS. It is commonly
found in mineral deposits such as galena, and research studies have shown that lead sulphides
exhibit different chemical transformations in varying environmental conditions (Buckley and
Woods, 1984; Fornasiero et al., 1994; Kim et al., 1995; Nowak and Laajalehto, 2000, Shapter et
al., 2000, Boa et al., 2021). In natural oxygenated environments, galena tends to transform into
anglesite, which is weakly soluble below pH 6 (Lin, 1997; Shapter et al., 2000). Galena may also
undergo oxidation in acidic conditions facilitated by Fe (III) (Rimstidt et al., 1994). The oxidation
of Galena in air may lead to the formation of lead hydroxide and lead oxide products (Evans and
Raftery, 1982; Buckley and Woods, 1984a; Laajalehto et al., 1993), while oxidation in aqueous
solutions leads to potential formation of lead oxides and lead sulphate surface products (Fornasiero
et al., 1994; Kartio et al., 1996; Kim et al., 1995; Nowak and Laajalehto, 2000). Lastly, the
oxidation of galena in the absence of oxygen may result in the release of lead and sulphide ions

into solutions as free lead ions and hydrogen sulphide (Fornasiero et al., 1994).

25



Chapter 2. Theoretical and Technical background

In the context of mine tailings management, the presence of lead sulphide in paste tailings has been
proven to degrade the mechanical properties of cemented materials. More specifically, increased
lead sulphide content in tailings used for CPB decreases the overall strength and structural integrity

of cemented materials (Dong et al., 2019).

2.3.1.4 ZINC SULPHIDES

Zinc sulphide/Sphalerite (ZnS) is the principal source of Zn and Cd in tailings and acidic
runoff from mining activities (Jambor et al., 2005). It can undergo oxidation through different
mechanisms, including exposure to dissolved molecular oxygen (O2) or ferric iron (Fe (III)) in the
environment (Seal and Hammarstrom, 2003; Malmstrom and Collin, 2004; Schippers and
Sand,2002). During this oxidation process, zinc sulphide releases zinc (Zn) and sulphate ions
(SO+*) into the surrounding environment, posing a pollution risk to rivers and oceans (Martin et
al., 2001). Zinc sulphide also oxidizes under acidic conditions (Seal and Hammarstrom, 2003;
Malmstrom and Collin, 2004). Similar to pyrrhotite, sphalerite is acid soluble and can dissolve to
produce hydrogen sulphide (H-S) under acidic pH conditions (Nordstrom and Alpers, 1999). In
weathered tailing deposits sphalerite oxidizes under acidic conditions to release sulphur, zinc, iron
and other metal(loid) into tailings pore waters (Lindsay et al., 2015). This underscores the

environmental implications of sphalerite oxidation in mining waste.

2.3.2 PYRITE MINERAL
Pyrite, also known as iron disulphide (FeS»), is the most abundant sulphide mineral in
nature that has a major influence on the biogeochemical cycles of iron, sulphur and oxygen. It is

present in various geological formations, including sedimentary, igneous, and metamorphic

structures, as well as in deep sea vents (Rickard and Luther 2007). Pyrite oxidation and the factors
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affecting the kinetics of oxidation (O2, Fe**, temperature, pH, En, and the presence or absence of
microorganisms) have been extensively studied by researchers (e.g, Buckley and Woods, 1987;
Brown and Jurinak, 1989; McKibben and Barnes, 1986; Moses et al., 1987; Sasaki et al., 1995)
due to its environmental significance in causing AMD (Vaughan 2005; Rimstidt et al., 2003).
Pyrite oxidation occurs when the mineral surface is exposed to an oxidizing agent and water, in
both oxygenated and anoxic systems. This oxidation process is complex and can involve several
chemical, biological and electrochemical reactions. As pyrite begins to oxidize, it yields protons
(H"), Fe*" ions, and sulphates, leading to decreases in pH of the surrounding environment. Fe*"
can be oxidized further, releasing Fe** ions that can act as further catalysts and oxidize more pyrite
minerals in the surroundings (Park et al., 2019). The step-by-step biogeochemistry of pyrite

oxidation is given in the following equations.

The overall reaction of pyrite by atmospheric oxygen produces one mole of Fe**, two moles of

2502~ and two moles of H' for every mole of pyrite oxidized (Nordstrom, 1982):
FeSa (s) + % 0; + HLO — Fe** + 2505~ + 2H" equation 2.1
The Fe(Il) thus released may be oxidized to Fe (III):
Fe'+ -0+ H' ¢ Fe''+-H0 equation 2.2
Fe (III) oxyhydroxides such as ferrihydrite (nominally 5Fe>O3-9H>O) may precipitate:

Fe’*+3H,0 <— Fe(OH); +3H" equation 2.3

where Fe (OH);3 is a surrogate for ferrihydrite. Adding Equations (1)— (3) yields the overall reaction.
FeS> s) + 14—5 O2(aq) + % H20 (aq) — 2505~ + Fe (OH)3s)+ 4H " (aq) equation 2.4

This overall reaction results in the release of 4 mol of H for each mole of pyrite oxidized.
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2.4 TAILINGS MANAGEMENT METHODS
According to Vick (1990), the improper management of tailings is a primary contributor
to environmental issues in mining operations. Historically, tailings were routinely discharged
directly into the nearest surface watercourse (Vick, 1990). However, this type of storage method
creates vast environmental liabilities and costs associated with remediation and reclamation
(Jakubick et al. 2003). These methods have also generated substantial opposition that has
contributed to the general negative public perception of the mining industry, thus harming its
reputation. Presently, tailing management methods are selected to meet site-specific factors and
stringent environmental regulations. These strategies generally include surface management
methods, or underground management methods (Dixon-Hardy and Engels, 2007, EC 2004). Some

of these methods are reviewed in the following section.

2.4.1 SURFACE TAILINGS MANAGEMENT METHODS

Surface tailings management methods are containment methods for storing and handling
waste on the Earth's surface. Some of these methods include slurry, thickened, paste and dry stack
management methods. Tailings stored on the surface are usually deposited within purpose-built
retaining embankments. Conventional impoundment storage is the most common, and normally
has higher embankments than thickened, paste, and dry-stack storage facilities. Embankments for
conventional storage facilities are designed to retain tailings and water (Vick 1990), whereas
thickened, paste, and dry-stack facilities have embankments designed to retain runoff, bleed water
and fines, rather than the weight of the tailings mass itself. The design principles of surface
thickened, paste, and dry-stack are to create a self-supporting mound of tailings (ICOLD and

UNEP 2001) rather than relying on the retaining forces of embankments to prevent mobilization.
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2.4.2.1 SLURRY TAILINGS DISPOSAL TECHNOLOGY

Conventional slurry tailings remain the predominant approach for tailings disposal in the
global mining sector. Compared to paste, dry stacking and thickening disposal methods, this
method is widely used because of the simplicity in the disposal process and its cost effectiveness
(Kheirkhah et al., 2020; Gomes et al., 2016). Slurry tailings are a mixture of water and ground
tailings that are generated during ore processing, they typically range from 20 to 50% solids
content by weight and are characterized by a yield stress less than 40 Pa (MEND, 2017).
Conventional slurry tailings disposal process involves transportation of tailings-to-tailings storage
facility (TSF) in a slurry pipeline by gravity or using centrifugal pumps. Dams, embankments or
surface impoundments are typically used to contain the tailings solids and process water. The
containment structures may be constructed of waste rock, locally excavated borrow materials, a
portion of the tailings or a combination of these materials and may be lined or unlined depending
on construction technique and operating requirements. Upon deposition slurry tailings segregate
with the coarsest particles settling near the discharge points and finer particles settling further from
the discharge points (IAAC,2021). In conventional systems, water recoveries can be as high as 65-
75% and water at the settling pond is decanted by floating pumps, or decant towers, and dam
seepages are collected by a drainage system and cutoff trench systems. However, a high seasonal
evaporation rate can substantially reduce water recovery from the pond area, and infiltration from
the pond in contact with natural soil can produce water losses (Cacciuttolo and Valuenzuela, 2022).
Slurry tailings disposal offers advantages such as its affordability, widespread adoption, and a
longstanding history that has yielded valuable insights for numerous successful operations. Despite
its widespread use, slurry tailings disposal has drawbacks (Watson et al., 2010). One notable

disadvantage is its reliance on large volumes of water for transportation and disposal. This factor
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makes the method costly, especially in regions with limited water supply. In areas facing water
scarcity, the use of slurry tailings disposal may not be practical or economically feasible (Watson
et al., 2010). Moreover, these conventional slurry tailings disposal facilities have caused severe
geotechnical failures (e.g. dam failures) in many parts of the world, with serious social and

economic consequences for the mining industry and society (Fourie et al. 2001; Welch 2003).

2.4.2.2 THICKENED TAILINGS DISPOSAL TECHNOLOGY

Thickened tailings are defined as tailings that have been significantly dewatered to a point
where they form a homogeneous non-segregated mass when deposited from the end of a pipe
(Welch 2003). This method aims to enhance the hydrogeotechnical properties of tailings by
reducing the water content to obtain thickened tailings (Ouattara et al., 2017). Thickened tailings
have a solid content of 40 to 60% by weight and a yield stress ranging from 20 to 200 Pa (IAAC,
2021; MEND, 2017). They are produced by the mechanical process of dewatering low-solids
concentrated slurry (Fourie 2003). This is normally achieved by using compression thickeners or
a combination of thickeners and filter presses (DPI 2003). The concept of thickened tailings
disposal is to stack the pulp to form a self-supporting conical pile, thus reducing the required height
and retention forces of the containing perimeter embankments. The tailings are generally
discharged from topographical high points within the TSF or by riser towers or central ramps
(ICOLD and UNEP 2001). Water remaining after deposition, and any surface runoff, are collected
in a pond at the toe of the pile. The primary advantage of this disposal method is that water is
conserved and environmental problems such as seepage, spillage of process water and the potential
for water to act as a transporter for tailings flows (e.g. embankment breach) are significantly
reduced (Welch 2003, Dixon-Hardy and Engels, 2007). Furthermore, due to their much lower

water content than conventional slurry tailings, surface thickened tailings structures exhibit much
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stronger geotechnical stability under both static and dynamic conditions than slurry tailings.
However, the high operating costs associated with dewatering and substantial land requirements
for implementing this method may limit its feasibility for mine operators (Dixon-Hardy and

Engels, 2007).

2.4.2.3 PASTE TAILINGS DISPOSAL TECHNOLOGY

Surface paste disposal evolved from the technology developed for underground backfilling
of voids (Welch 2003). In the context of tailings, paste tailings are defined as tailings that have
been significantly dewatered to a point where they lack a critical flow velocity during pumping.
This means that they do not segregate upon deposition and generate minimal bleed water when
discharged through a pipe. They have solid contents of 60 to 75% solids by weight with a yield
stress of 200 Pa or greater (IAAC, 2021; MEND, 2017). The process of paste tailings involves
utilizing positive displacement pumps to transport paste due to the increased viscosity of the tailings
resulting from high dewatering. This in turn, limits the distance that the paste can be transported
economically (Theriault et al. 2003). Paste tailings generally form a homogenous and non-
segregated mass when deposited, with limited volumes of bleed water following deposition
(TAAC, 2021). In paste tailings disposal, additives such as flocculants and coagulants are usually
added to the tailings feed or the thickener to dewater the tailings to higher densities. The types of
additives used reflect how the paste behaves when pumped and how the tailings will flow once at
the storage facility (Fourie 2003). The major advantage of this method is that it can be cheaper
than conventional low-density methods; however, the affordable cost is dependent on the additives
used, the distance that the paste is required to be pumped, and the storage space available (Dixon-
Hardy and Engels, 2007). This disposal method also offers several additional advantages which

include; the substantial reduction or complete elimination of water storage and retaining ponds,
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reduction of facility footprint due to higher slope angles regardless of material volume,
enhancement of the geotechnical stability of surface paste tailings disposal facilities due the
reduced water content of the paste tailings, rreduced risk of environmental damage due to limited
water to aid the transport of tailings in the case of an embankment breach and reduced seepage from

the stored paste tailings (Dixon-Hardy and Engels, 2007).

2.4.2.4 DRY STACK/FILTERED TAILINGS DISPOSAL TECHNOLOGY

Dry stacking, also known as filtered tailings disposal, is a tailings disposal method that
involves mechanically dewatering tailings to a point at which they no longer behave as a slurry
and are more characteristic of a partially saturated soil. They typically have solids contents of 75%
by weight or greater and a yield stress >1000 Pa (IAAC, 2021). This process entails mechanically
dewatering tailings by using a combination of belt, drum, horizontal and vertically stacked pressure
plates, vacuum filtration systems or centrifuges. As a result, it produces a filtered wet (saturated)
and dry cake (unsaturated) that can no longer be transported by pipeline due to its low moisture
content (Martin et al. 2002, IAAC, 2021). These filtered tailings are then transported by conveyor
or hauled by truck to the TSF, where they are placed and compacted as a homogenous, non-
segregated and partially saturated mass (Davies and Rice 2001; IAAC, 2021). A major
disadvantage of utilizing this method is the high mechanical dewatering operational costs
associated with producing wet and dry cakes. Additionally, the dry stacking method has the potential
to cause air pollution in the form of airborne dust to surrounding land users. However, dry stacking
facilities are also easier to close and rehabilitate, eliminate the possibility of groundwater
contamination through seepage, improve the geotechnical stability of the tailings disposal
facilities, and can be utilized in aggressive environments (e.g. undulating and steep terrain), and

generate better regulatory and public perceptions of tailings storage (Davies and Rice 2001).

32



Chapter 2. Theoretical and Technical background

Figure 3 illustrates the dewatering tailings technologies for surface disposal.
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Figure 3: The tailings continuum for surface disposal (Burden and Wilson, 2023).

2.4.3 UNDERGROUND TAILINGS MANAGEMENT METHODS
Tailings can also be stored below ground in previously worked out voids in form of mine
backfills. The tailings are generally mixed with a binder, usually cement, and then pumped
underground to fill voids and help support an underground mine. Mine backfills are typically
classified into three main types: rock fill, hydraulic fill (slurry backfill) and paste fill (or paste
backfill). The selection among these three types depends on several factors, including
geometry/depth/orientation/grade of the ore bodies, mining method, stope sequence and size,

available filling materials, and operational costs (Landriault, 2001).

2.4.3.1 ROCK BACKFILL DISPOSAL TECHNOLOGY
Rock fill consists of waste rock, tailings, or unclassified sand. The primary requirement for

rock backfilling is the presence of waste rock at mining sites. Consequently, it proves to be an
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effective approach for handling mine wastes in underground mining. The key benefits of this

backfilling method include straightforward preparation, high strength, and the absence of stope
dewatering. Rock fill can exist in either cemented (CRF) or uncemented (URF) forms. Typically,
a 4% to 8% cement is added to strengthen rock fill. Cement paste can be introduced via pipelines
and mixed with waste rock before placement. The required strength ranges from 0.2 to 4.0 MPa,
which is influenced by stope size, mining technique, and stope recovery time (Hassani and
Archibald, 1998; Stone, 2007). Achieving good quality control and preventing segregation pose
challenges (Belem and Benzaazoua, 2008; Hassani and Archibald, 1998). CRF strength is
controlled by factors such as grain size distribution, binder content, rock type, placement method,
segregation, and water-to-cement ratio (Henderson et al., 1998; Chen et al., 2004). Additionally,
the expenses associated with rock crushing, transportation, and the need for fine materials as filler
in rock backfilling are considerable. The implementation of an appropriate placement method and

the regulation of moisture content can mitigate segregation potential (Landriault et al., 1997; 2001).

2.4.3.2 CEMENTED HYDRAULIC BACKFILL DISPOSAL TECHNOLOGY

Hydraulic backfill or slurry backfill is classified as a material with high permeability and
low density. Deriving its name from the mode of transportation, hydraulic backfilling describes a
method that uses mainly water to facilitate the transport of the fill materials. It is a mix of aggregate
(tailings), water and binder (if cemented) (Potvin et al., 2005). This mixture is usually prepared at
the ground level and then transported by pipeline to the underground voids. To facilitate the
removal of excess water, perforated drainage pipes are installed in mine stopes. The main
advantages of this backfilling method are simplicity of installation and operation, ease in
supervision, ease of quality control, availability of solid parts as mine waste and reduction in

surface waste disposal (Hassani and Archibald, 1998). Disadvantages of this backfilling method
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are the high amount of excess water, segregation of cement from the solid phase and cement

washout (Landriault et al., 1997; Hassani and Archibald, 1998; Landriault, 2001).

2.4.3.3 CEMENTED PASTE BACKFILL DISPOSAL TECHNOLOGY
Cemented paste backfilling is another prevalent type of backfilling used in underground mining

operations. CPB technology is broadly discussed in detail in the following section (section 2.5).

2.5 CEMENTED PASTE BACKFILL TECHNOLOGY

Cemented paste backfill (CPB) is one of the broadly used methods in modern mines with
the purpose of waste disposal and ground support (Haruna and Fall, 2020). CPB is comprised of
full mill tailings, mixed with a small percentage of binder (usually 3—7% by weight cement), and
water. This material is dense and has a toothpaste consistency (Fall et al., 2015). A fresh CPB can
be transported through the pipeline into the cavities. In static state, the CPB ingredients are not
separated, as the colloidal electrical charges can retain all the water between the particles. To create
such a state, at least 15% of particles should be smaller than 20 microns (Landriault, 2001; Grice,
1998). As less water is required (compared to other types of backfills) for transporting the CPB
through the pipelines, mechanical strength is attained faster since most of the water would be used
for cement hydration (Grice, 1998). It should be noted that the chemical and mineralogical
properties of the tailings have a significant impact on the engineering properties (strength,
permeability, reactivity, etc.) of CPB. Two main issues when implementing CPB are optimization
of ore recovery and consideration of the miners’ safety. Moreover, pipelines that transfer CPB
materials underground require frequent inspection (Landriault, 2001; Cui and Fall, 2018). Fig. 2.6

shows a fresh CPB being pumped through a pipeline.
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2.5.1 DESIGN CRITERIA FOR CPB STRUCTURES

The design criteria of the CPB are influenced by its physical, mechanical, hydraulic, and
chemical properties. Therefore, CPB must fulfill specific requirements during the design phase

(Fang et al., 2020). These properties are explained in the following sections.

2.5.1.1 PHYSICAL PROPERTIES

Physical properties, such as porosity (or void ratio), unit weight, water content and degree
of saturation are known to influence the strength and performance of CPB. According to Yilmaz
et al. (2009), who investigated the variation of physical properties with respect to binder content
(3, 4.5, 7 and 10%), for both unconsolidated and consolidated CPB samples over 28 days showed
that unconsolidated samples prepared with ordinary Portland cement (OPC), had a porosity range
from 0.42 to 0.47, degree of saturation ranges between 90% and 97% and gravimetric water content
varies from 38% to 46%. For consolidated samples (cured under pressure) the porosity ranged
from 0.41 to 0.45, degree of saturation was between 80% and 94% and gravimetric water content
was from 33% to 42%. The review in this research showed that the physical properties (porosity,
void ratio, degree of saturation, unit weight) influenced CPB by decreasing as cement content
increased due to the effect of desaturation caused by cement hydration (in unconsolidated
samples). Also, a comparison between the unconsolidated and consolidated tests showed that the
drainage due to consolidation reduces the values of the physical properties. Furthermore, another
research by Yilmaz et al. (2014) who studied the physical properties of CPB samples prepared
with a blend of Slag-Portland cement (3, 4.5 and 7%) with respect to curing times of 7, 14 and 28
days and different drainage conditions (drained, undrained and consolidated) also confirmed that
factors such as curing time, drainage and consolidation affects the physical properties of CPB

which in turn affects the strength and performance of CPB. Hence, the need to study the physical
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properties of CPB is an important design criterion for the performance of CPB.

2.5.1.1 MECHANICAL PROPERTIES

Mechanical stability is one of the most important design criteria for paste backfill (Fall et
al., 2007), this is because mine safety is dependent on the CPB's mechanical properties, which play
a vital role in preventing buckling or collapse, thereby preventing potential harm, entrapment, or
fatalities among miners (Pokharel & Fall, 2011). The most common and direct method to
determine the mechanical strength of backfill materials is to measure its unconfined compressive
strength (Belem et al., 2002). Previous studies on CPB mechanical strength showed that UCS
values mostly vary between 0.2 and 4 MPa (Klein and Simon, 2006; Belem and Benzaazoua, 2008;
Pokharel and Fall, 2011) and short-term and longterm mechanical strength can be significantly
affected by variation of several factors. For example, tailings characteristics, including mineralogy,
chemical content (e.g., suphide-rich tailings), fineness and density can affect strength development
(Fall et al., 2005; Kesimal et al., 2005). The presence of sulphide minerals, as well as soluble
sulphates has a harmful effect on the CPB strength due to sulphate attacks (Benzaazoua et al.,
2002; Kesimal et al., 2004). Fall et al. (2005) reported that increasing tailings fineness (particles <
20 pwm) to more than approximately 55% can reduce the UCS due to deleterious effects on porosity
and pore size distribution. Also, higher tailings density can lead to higher binder consumption
which generally provides a higher strength to the CPB (Fall et al., 2004). Yilmaz et al. (2009)
reported that curing stress has a significant impact on the UCS of CPB. Binder properties, such as
binder type and content, and the chemical characteristics of binders (e.g., soluble sulphate
concentration) are one of the most important factors that can influence CPB strength. Higher binder
content generally produces higher strength (Benzaazoua et al., 2004). Furthermore, binder type
(i.e., ordinary Portland cement (OPC), Slag, Fly ash (FA) or their combination) can deliver

different strength to CPB. Benzaazoua et al. (2002) found that OPC and FA/OPC mixture are
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appropriate for high sulphate-rich tailings in terms of compressive strength. Mixing water
properties and contents including chemical concentration (e.g., sulphate content) and water to
binder ratio can affect the strength acquisition process. Water chemistry can alter the cement
chemistry and hydration processes. It can affect the formation of the primary and secondary cement
hydration products which are responsible for backfill strengthening (Benzaazoua et al., 2002).
Furthermore, increase in the w/c ratio as the main factor in mixing can considerably decrease the
strength values. Previous studies (e.g., Fall and Samb, 2006; Fall et al., 2007; Fall et al., 2010)
have revealed that the curing temperature significantly influences the short-term and long-term
mechanical strength and pore structure of CPB materials. The coupled effect of curing temperature
and sulphate significantly affects the strength of CPB. This effect can be positive (strength
increase) or negative (strength decrease) depending on the initial amount of sulphate content, the

curing temperature, and type of binder (Fall and Pokharel, 2010).

2.5.1.2 HYDRAULIC PROPERTIES

Hydraulic properties, particularly the saturated hydraulic conductivity, is also an
important criterion for the design of CPB. Saturated hydraulic conductivity (ksat) is used to assess
the fluid transportability of backfills, which can be used to investigate the environmental
performance of CPB, the groundwater flow within the backfill and/or between the CPB and
surrounding rock, after mine flooding. Also, it is required to estimate the drainage ability and
leakage potential of metal ions from the backfill into the groundwater (Levens et al., 1996). Several
factors can affect the saturated hydraulic conductivity of CPB. For example, the ks value
decreases as the curing time increases. Also, the ksa value decreases when curing temperature
increases. Saturated conductivity can also be affected by the mix components (Pokharel and Fall,

2013), for instance, CPB permeability decreases as binder content increases or the w/c ratio

38



Chapter 2. Theoretical and Technical background

decreases, tailings with finer particles produce lower permeability, while sulphate content can have
both positive and negative impacts on CPB. Sulphate content can reduce the ksa: value at early
ages (< 28 days). However, high sulphate content at an advanced age (90 days) can increase the
ksat due to the secondary formation of cement products and development of micro-cracks (Fall et

al., 2009; Pokharel and Fall, 2013).

2.5.1.3 CHEMICAL PROPERTIES

The chemical properties or factors of CPB depend on the chemical and mineralogical
characteristics of its constituents, such as the mixing water, tailings chemistry and mineralogy, and
binder chemical compositions and reactions. These chemical factors can significantly influence
the short and long-term strength of CPB (Benzaazoua et al., 2002). Two chemical mechanisms can
take place to alter the mechanical strength of the backfill. These can be either direct or indirect. In
the former, CPB prepared with sulphide-rich tailings (e.g., pyrite) can be oxidized in the presence
of oxygen (also called weathering). The degree of oxidation is mainly a function of pyrite
percentage and degree of saturation. The weathering causes release of metal ions and acid mine
drainage into the environment (Ouellet et al., 2003). In the latter, the initial chemical compositions
(e.g., sulphides, sulphate) in the CPB ingredients (i.e., tailings, binder and mixing water) can
negatively affect the CPB strength development due to sulphate attacks (Benzaazoua et al., 2004).
For example, sulphate in the initial CPB matrix can inhibit cement hydration reactions at early
ages and therefore reduce its strength (Fall and Benzaazoua, 2005; Pokharel and Fall, 2011). In
advanced ages, the formation of secondary expansive minerals in the backfill pores, such as
ettringite and gypsum, can cause internal cracks and eventually lead to strength deterioration (Fall
and Benzaazoua, 2005). However, usage of sulphate resistance binders can help to maintain a long-

term strength thereby mitigating the impact of strength degradation (Ercikdi et al., 2009).
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2.5.2 MIX DESIGN OF CPB
The paste used in CPB is a carefully formulated mixture comprising three primary
ingredients: mine tailings containing 70% to 85% solid content, a hydraulic binder, typically
cement, constituting 3% to 7% of the total paste weight and water (freshwater or mine processed
water), which is added to achieve the desired rheological and strength characteristics (Benzaazoua
et al., 2002). These components are combined and mixed at the surface of mine sites and then the
final paste is transported by gravity or pumping to fill designated excavated stopes. Figure 4

illustrates a schematic of CPB mixture components.

Additives

Tailings
78% = Cy, < 85%

Mixing water

(slump 15 — ‘
25 cm) /

Cemented paste backfill (CPB)
70% < Cy < 85%

Figure 4. Schematic diagram of CPB mixture components with typical portions (Adapted from
Benzaazoua et al., 2002).

2.5.3 PREPARATION OF CPB
CPB is prepared using dewatered mine tailings with solid percentage of > 70%. Various
processes, involving high-capacity thickeners, disk filters, and gravity settling tanks, are employed
to consolidate mill tailings into filter cakes. Subsequently, these filter cakes undergo mixing in a

spiral (or screw) mixer, where a combination of binder and water is introduced to achieve a specific
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consistency (slump) for the CPB. Following the preparation of CPB, it is conveyed into the stope

through an underground distribution system, either by gravity or through pumping (Landriault et

al., 1997). Figure 5 shows the layout of a CPB system.

Tailings dam

Cement Othe_r
Silo Materials Water

Tailings Thickener

Underground
Stope

Figure 5: Typical layout of CPB plant (Fang et al., 2023).

2.6 BINDERS AND HYDRATION PROCESS

Binders are materials capable of binding solid particles together to form a whole cohesive
solid material. In general, there are two main types of binders used in construction: hydraulic and
nonhydraulic. Hydraulic binders, such as Portland cement, are a type of material that sets and
hardens when mixed with water as a result of a chemical reaction (hydration process). Non-
hydraulic binders (e.g., lime and gypsum plaster) are a type of material that hardens without contact
with water (Aldhafeeri, 2018). Portland cement type I (PCI, in accordance with ASTM standards)
are the most commonly used hydraulic binders used in tailings management, and most times, they

are used alone or blended with pozzolanic materials (e.g blast furnace slag) to increase the final
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strength and reduce the binder cost (Kesimal et al., 2005; Bellem and Benzaazoua, 2004 & 2008). The

following sections provide a detailed review of binders used in this research study.

2.6.1 BLAST FURNACE SLAG

Ground granulated blast furnace slag is a nonmetallic byproduct of iron manufacturing and
consists essentially of silicates and aluminosilicates of calcium and other bases, which is developed
in a molten condition simultaneously with iron in a blast furnace, then water chilled rapidly by
immersion in water to form glassy granular particles, and then ground to cement fineness or finer
(ACI Committee 233; Bouzoubaa and Simon, 2005). Most slags hydrate by themselves, while
some need activators (alkalis or lime) for their hydration mechanisms. In the PC-slag systems, the
PC component begins to hydrate first followed by reaction with slag, which releases calcium and
aluminium ions into solution. Later on, slag reacts with alkali hydroxide and is followed by a
reaction with Ca (OH), to form more C-S-H gel (Neville, 1995). The release of alkali (Ca®") and
hydroxyl (OH") ions during the hydration of PC raises the pH of the pore solutions that triggers the
hydration reactions for cement-slag systems. The silica glasses become soluble in the alkaline
solution, giving rise to secondary growths of C-S-H, which further fills the capillary pore space
left by prior hydration products of PC (Hooton, 2000). Slag develops its cementitious properties
far too slowly to be of practical use unless its hydration is activated by the addition of calcium
compounds such as PC. Research substantiates that the partial replacement of cement with slag is
promising in mine tailings CPB formulations (Nantel and Lecuyer, 1983; Douglas and Malhotra,

1989; Uusitalo et al., 1993; Benzaazoua et al., 2002; Godbout et al., 2007).
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2.6.2 ORDINARY PORTLAND CEMENT

Portland cement (CSA Type GU (General use) or ASTM Type I) is the most widely
utilized binding agent due to its availability and versatility. It has a longstanding history of being
the most suitable binder for addressing mine waste management issues, including the disposal of
sulphidic tailings (Weaver and Luka, 1970; Aylmer, 1973; Manca et al., 1983; Atkinson et al.,
1989; Lamos and Clark, 1989; Benzaazoua et al., 2004; Rankine and Sivakugan, 2007; Grabinsky
et al., 2007). According to ASTM 150 Portland cement is defined “as a hydraulic cement (cement
that not only hardens by reacting with water but also forms a water-resistant product) produced
by pulverizing clinkers consisting essentially of hydraulic calcium silicates, usually containing one
or more of the forms of calcium sulphate as an inter ground addition”. The binder is used
principally to develop sufficient mechanical strength for PT to meet certain dynamic and static
load resistance requirements. In cement-based solidification, water chemically reacts with Portland
cement to form hydrated calcium silicate and aluminate compounds, while the solids act as
aggregates to form ‘concrete’ (Conner, 1993). The addition of Portland cement (PC) has been
found to enhance the cohesive component of the shear strength and intensify the stiffness of mine

tailings paste. (Hassani et al., 2007; Ouellet et al., 1998).

2.6.2.1 CHEMICAL COMPOSITION OF PORTLAND CEMENT
The chemical composition of Portland cement involves both major and minor oxides
(Punmatharith et al., 2010). The major oxides include CaO, Si0,, Al 203, and Fe;O3, whereas the
minor oxides also include MgO, SO3, and some alkali oxides (KO and Na>O) and sometimes the
inclusion of other compounds, P>0s, Cl, TiO2, MnO3, and so forth (Punmatharith et al., 2010). At

high temperatures of 2,600° F, each of the oxides chemically interacts with each other to produce
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greyish-black pellets known as clinker. The cement clinker formed is known to be composed of
tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A) and tetracalcium
aluminoferrite (CsAF). Although there are other compounds in the final cement product, the
silicates and aluminates are largely responsible for the hydration reaction of the PCI (Bergold et
al., 2017). Hydration occurs when these compounds come in contact with water, generating new

products that are responsible for the setting and hardening of the mixture.

2.6.2.2 PORTLAND CEMENT HYDRATION PROCESS

Cement hydration can be defined as the chemical reactions between solid compounds
(clinkers) and the liquid phase (Chen and Brouwers, 2010). It is an exothermic chemical process
that occurs when cement particles come in contact with water and cement, thereby gaining binding,
setting, and hardening properties. In this process, the main components of cement, such as
tricalcium silicate (Ca3SiOs, Alite, C3S), dicalcium silicate (CaSiOs4, Belite, CoS), tricalcium
aluminate (Ca3zAl20¢, Aluminate, C3A), tetracalcium aluminoferrite (Ca;AlFeOS5, Ferrite, C4AF)
react with water and generate hydration products which are accountable for the setting and
hardening of paste (Li et al., 2017; Ma et al., 2016; Sharma and Kothiyal, 2015). Cement hydration
reaction generates three main types of cement hydration products, they include; calcium silicate
hydrate (C-S-H), calcium hydroxide (Ca (OH)2 or CH), and calcium sulphoaluminate known as
ettringite (3Ca0.Al1>03.3CaS04.31H20). C-S-H is formed by the hydration of C3S and C,S at
different rates. It occupies approximately 60% (by volume) of the total cement hydration products
in hardened cement (Beaudoin et al., 2011; Alizadeh, 2009). CH is a by-product of the hydration

of calcium silicates and takes up to 20% of the cement hydration products (Double, 1983).
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Ettringite is the product of the hydration of the aluminate phases and gypsum. (Double, 1983).

Figure 6 shows the schematic diagram of cement hydration products.

Cement Reaction Reaction Effect on
Powder Rate Products Performance
C-S-H
Gel
(Amorphous)
CsS
(Alite) Colloidal Compressive
products of Strength
variable Durability
Fast composition
50-60% solids
volume
Water | + Slow
C:S
Ca(OH):
(Belite) (Crystalline)
No effect
20-25% solids
volume
C,A
(Aluminate) : Very Fast
Gypsum
L Slow AFm, Aft Rheology
(Cr.ystalllno) Gelation
C.AF other Durability
(Ferrite)

Figure 6 Schematic diagram of cement hydration process and products (Double, 1983).

2.6.2.2.1 SETTING, HARDENING AND HEAT OF CEMENT HYDRATION
Understanding the basics of hydration is essential to ensure the strength and durability of paste
backfill (Bull and Fall, 2020; Yilmaz et al., 2011). There are several methods to evaluate the
progress of cement hydration, such as the amount of Ca (OH): in the paste, thermal changes due
to hydration, measurement of the strength of the hydrated paste (i.e., UCS test), thermogravimetric

techniques, XRD and scanning electron microscopy (SEM) (Ercikdi et al., 2009). The hydration
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process of Portland cement and the generated heat of hydration typically take place in five distinct
stages, namely; the initial, induction, acceleration (or setting), deceleration (or hardening) and

densification stages (Figure 7) (Mehta and Monteiro, 1993).

Slow reaction

Acceleration
Deceleration

Heat flow (mW/g)

0

12 15 18 21 24
f specimen (hrs)

W
(=)

Figure 7: Rate of cement hydration with curing time (Bullard et al., 2011).

The summary of various stages is outlined based on the works of Soroka (1980), Neville
(1995), Swaddiwudhipong et al. (2002), Bullard et al. (2011), and Winter (2012).
Stage I- Initial reaction (0 to 30 min.): This occurs almost immediately after water is added
during the mixing period. At this stage, the rapid dissolution of aluminates and gypsum occurs,
leading to the release of substantial heat, along with Na, K, Ca, OH and SO4 ions, into the pore
solution.
Stage II-Induction (dormant period, 30 min to 3 hrs): This stage involves the reaction of
calcium silicates (C3S and C»S), leading to the initial formation of C-S-H gel and a supersaturated

solution of Ca and OH. Also, reactions between gypsum and C3A result in the formation of
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ettringite. The formation of C-S-H and ettringite around the C3S and C3A particles separates them
from the pore solution, which in turn, retards the further rapid migration of the ions into the pore
solution. During this time, the paste is plastic and does not generate heat.

Stage I1I-Acceleration (setting period, 3 to 17 hrs): This stage begins at the end of the dormant
period, where a preventive coating formed around the cement grains is ruptured due to excess
pressure. A significant amount of heat is generated due to the reaction of the C3A and gypsum, and
later on, C3A and ettringite, which leads to a specific heat of 1495 kJ/kg. C-S-H and CH are formed
as a result of the hydration of alites and belites. In this period of hydration, the porosity decreases
and strength increases, thus resulting in the setting of the paste.

Stage IV-Deceleration (hardening period, 17 to 48 hrs): At the deceleration stage, the C-S-H
and CH continue to grow at a slower rate, which limits the access of water to undissolved cement
grains. The sulphate ions are also depleted and the remaining aluminate reacts with C-S-H. Less
stable ettringite converts into more stable monosulphate. The heat of hydration reaches its peak
value and then starts to drop. The hydration products gradually fill the pores, thus resulting in
further pore refinement at a slower rate.

Stage V-Densification (48 hrs to several months/years): In this phase, belites and alites dissolve
at very slow rates, which form a solid mass of C-S-H and CH products. High strength, very low

porosity and low hydraulic conductivity evolve in this stage and may take up to several years.

2.6.3 MAIN FACTORS THAT AFFECT CEMENT HYDRATION
Cement hydration can be affected by several factors, such as w/c ratio, fineness of cement, and
curing temperature (Lin and Meyer, 2009).

Cement fineness

Cement fineness can affect the final degree of hydration and the hydration rate. Cement

with finer particles has a higher surface area. This can result in greater surface contact with water
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and higher hydration rate. Also, finer cement particles have cement hydration products with less
thickness, which in turn, increases the final degree of hydration. Therefore, finer cement particles
reduce the setting time, accelerate the hardening process and increase the mechanical strength
(Ginebra et al., 2004; Bentz et al., 2008; Lin and Meyer, 2009).
Water-cement ratio

A lower w/c ratio can increase the rate of hydration, which in turn, increases the heat of
hydration. Furthermore, a decrease in the w/c ratio can reduce the porosity (decrease the hydraulic
conductivity) and increase the mechanical strength (Goto and Roy, 1981; Bentz et al., 2009).
Curing temperature

Curing temperature can accelerate the rate of cement hydration reaction. Also, it increases
the density of cement hydration products and short-term compressive strength. However, high
curing temperatures (e.g., above 85°C) can reduce the mechanical strength at advanced ages. This
can be attributed to higher porosity, less uniform microstructure and coarser pore structure, which
can lead to decreases in mechanical strength (Kjellsen et al., 1990; Maltais and Marchand, 1997;

Elkhadiri et al., 2009).

Curing pressure

Curing under high pressure can increase the rate of hydration. For example, experimental
studies have shown that the hydration of C3S increases under pressure. Also, precipitation of
cement hydration products (C-S-H and CH) is faster under the application of pressure (Bresson et

al., 2002). The time of the application of pressure can also affect the rate of hydration, and it is

more effective during the first 48 hrs of curing under pressure. The applied pressure can increase
the accessibility of cement grains to water required for hydration which can lead to hydration of

the unreacted cement particles, which in turn, increases the degree of hydration (Zhou and
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Beaudoin, 2003). Furthermore, curing pressure can increase the compressive strength through the
formation of denser cement gel around the unhydrated cement particles, as well as decrease the

porosity (Roy et al., 1972).

2.7 RHEOLOGICAL AND PERMEABILITY PROPERTIES OF PASTE TAILINGS

2.7.1 RHEOLOGICAL PROPERTIES

The rheological properties of paste tailings and cemented paste backfill (CPB) are
important properties, which determine its flow ability or ease of transport in pipelines. These

properties can be measured by key parameters like yield stress and viscosity (Xiaoping et al. 2019).

2.7.1.1 Definition of yield stress

Yield stress is defined as the minimum shear stress required to initiate flow (Simon and
Grabinsky, 2013). It is a key parameter used in the evaluation of the flowability or transportability
of CPB and can be employed as a quantitative criterion for quality control and evaluation (Liddel
and Boger, 1996). In pipeline design, changes in the yield stress of fluid PT are commonly
associated with changes in friction loss due to the diameter of the pipes (Li and Moerman, 2002).
Several factors contribute to the yield stress of paste tailings. Some studies have suggested a
correlation between the yield stress of thickened tailings and grinding fineness (Ding et al., 2007),
while others have explored the impact of additives such as limestone on rheology (Elmakki et al.,

2016). Simultaneously, various researchers have asserted that the yield stress of thickened tailings

is intricately linked to a range of factors, including physical properties (solid fraction, particle
gradient, and particle shape), intergranular forces (type and value), chemical and physical
properties of cement, inner structure, physical ageing, and other considerations (Sofra and Boger

2002; Kwak et al., 2005; Simon and Grabinsky, 2013; Crowder, 2004; Lee et al., 2017; Mbasha et
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al., 2015; Malkin et al., 2017; Joshi and Petekidis, 2018). In the context of CPB technology, yield
stress of a CPB is determined by the mixture components such as tailings, binders, water and other
additives. Furthermore, a previous study by Xiaoping et al. (2019) highlighted that regardless of
curing time, sulphate content in tailings can also cause significant changes to yield stress. Hence,
the contents of CPB mixtures must be taken into consideration for the successful application of

CPB technology.

2.7.1.2 Definition of viscosity

Another important parameter for the evaluation of the transportability of PT is viscosity.
Viscosity is a measure of the fluid’s resistance to flow. More specifically, viscosity refers to the
resistance of a fluid towards being deformed when subjected to a shearing force (Wong, 2013). In
pipeline design, the ability to transport a specific paste is significantly influenced by the paste's
viscosity. High viscosity affects the pump performance and can lead to high pressures in pipelines.
Moreover, excessive viscosity can result in pipeline blockages and shutdown (e.g., Andrade, 1947,
McKetta, 1992; Hassani and Archibald, 1998; Jacobsen et al., 2008). Several research studies have
indicated that the viscosity of a PT mixture is affected by different factors. For example, Deng et
al. (2018) studied the role of particle size on the rheological properties of CPB. The authors
highlighted that the larger the size of the particles, the higher the viscosity of CPB. They further

cited that packing density is essential for the efficient transport of the mining materials. Deng et

al. (2018) research work is supported by Cao et al. (2018), who also focus on the distribution of
materials and the importance of evaluating the particle size before transport. These two studies
agree that the viscosity of PT depends on particle size and packing density. Additionally, Cao et
al. (2018) also highlighted that the slurry of cemented tailings backfill, along with the cement-to-
tailings ratio (c/t), and solid content (SD) are important parameters that need to be examined to

ensure cost-efficiency of operations.
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2.7.2 PERMEABILITY PROPERTIES
Permeability properties are critical characteristics that define the ability of a material to
allow the flow or movement of fluids through it. This is an important parameter for determining
the flow of a fluid in porous media and the ability of the fluid to pass through the porous medium

(Biirger et al., 2001). These properties can be measured by saturated hydraulic conductivity (Fall

et al., 2009).

2.7.1.1 Definition of saturated hydraulic conductivity

The saturated hydraulic conductivity of paste tailings is a measure of the ease with which
water can flow through the paste tailings, and it is a critical parameter in understanding the
permeability characteristics of paste tailings. Changes in hydraulic conductivity influence the
effectiveness of PT for both surface and underground PT applications (Chakilam and Cui, 2020).
Sheshpari (2015) highlighted the importance of designing CPB so that its drainage has the
appropriate hydraulic conductivity to prevent retailing wall destruction and facilitate drainage.
Similarly, Pokharel and Fall (2013) argue that temperature and sulphate significantly influence

hydraulic conductivity and can either increase or decrease it. For instance, a decrease in

temperature increases hydraulic conductivity (Jiang et al., 2017). As a result, it is critical to keep
the temperature at an optimum level in order to avoid a negative impact on the CPB.

Fall et al. (2009) conducted a comprehensive examination of hydraulic conductivity and
identified various factors that influence this property. Their findings reveal that the hydraulic
conductivity of CPB is typically time-dependent, decreasing with increasing time. Additionally, the
authors also highlighted other factors which affect hydraulic conductivity, include, binder content,
tailings fineness, and curing temperature. It was seen that an elevation in the water-to-cement ratio

corresponds to an increase in hydraulic conductivity. Furthermore, the authors also cited that the
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time-dependent initial sulphate content study had differing effects on hydraulic conductivity. In
the early stages, up to 28 days of curing, CPB containing sulphate exhibited lower hydraulic
conductivity due to reduced porosity resulting from the precipitation of secondary cement
hydration products. However, at later curing ages (90 days and beyond), CPB with high sulphate
content became more permeable, attributed to the development of microcracks resulting from an

excess of expansive hydration products.

2.8 PREVIOUS STUDIES ON RHEOLOGICAL AND PERMEABILITY PROPERTIES
Paste tailings are commonly transported through pumping or gravity, necessitating a
pipeline reticulation system. However, due to the non-Newtonian behaviour of paste tailings, the
design parameters for pipeline transportation depend on the control of certain material properties
like rheological properties (e.g. yield stress and viscosity). Additionally, to prevent the
susceptibility of PT to AMD and their potential to release contaminants into mine areas or
groundwater, it is crucial to thoroughly study their permeability properties, such as saturated

hydraulic conductivity. Therefore, for the successful application of PT, researchers have delved

into investigating two critical aspects: 1) permeability and 2) rheological properties. This section
provides a comprehensive review of previous studies on the rheological and permeability

properties of uncemented and cemented paste tailings.

2.8.1 Review studies on rheological and permeability properties of uncemented paste tailings.

To improve the PT knowledge for successful application of uncemented paste tailings,
numerous researchers have looked at several factors that can affect the rheological and
permeability properties of UPT. Such factors include chemical functional groups, pore volume,
pore fluid, pH and particle surface potential of the material (Goudoulas et al. 2003, Huynh et al.

2006). Amongst the rheological studies, authors like Kwak et al. (2005) aimed to optimize the
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surface disposal of uncemented paste tailings by applying vane geometry to investigate how water
content affects the flow behaviour and depositional geometry of tailings and kaolinite pastes.
According to the authors, a higher water content in paste affects the flow properties and settling of
paste. Furthermore, the authors also highlighted that the angle at which the paste settles
(depositional angle) and the forces within the paste (yield stress) decrease as more water is added
to the paste. Another study by Huynh et al. (2006) focused on studying the effect of polymer
addition on uncemented thickened tailings in order to change their flow properties. Specifically,
the researchers looked at how altering the pH and using certain polymer dispersants affected the
yield stress of these uncemented tailings. The research demonstrated that the use of specific
polymer dispersants proved effective in reducing the rheological properties (yield stress) of
uncemented paste tailings. Ding et al. (2006) also provided insights into how specific parameters
in the wet ultra-fine grinding process impact the rheological properties of pyrite—heptane slurry.
The parameters investigated included the concentration of solid particles, the amount of
dispersant added, grinding time, and the type of organic acid used as a dispersant. The results
revealed that an increase in solid concentration increased the rheological behaviour of the slurry.
The rheological behaviour and particle size of the slurry were also influenced by the grinding time
and the carbon numbers of the organic acids used as dispersants.

Some noteworthy research works on the permeability studies of uncemented paste tailings
include research works by Benzaazoua et al. (2004), who aimed to study the leaching potential of
pyrite and arsenopyrite in tailings from a European gold mine. The study aimed to understand how
the geochemical behaviour of the tailings is affected before and after including cementitious
components. The research extensively characterized the tailings and examined the solidification
and stabilization processes (SSP) by studying leaching processes, microstructure evolution, and

chemical composition changes in paste samples. The findings highlighted that leaching is
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minimized in paste containing cemented components compared to uncemented samples as
leaching tests showed that samples with cement had higher retention potential. The studies of
Benzaazoua et al. (2004) are supported by Deschamps et al. (2008), who concluded that
uncemented paste disposal is not a necessarily good technique to prevent AMD. The authors
further suggested that the use of uncemented paste tailings for surface paste disposal could become
an adequate method to manage acid generating tailings if small binder quantities are added to

tailings mixture.

2.8.2 Review studies on rheological and permeability properties of cemented paste tailings.
In order to optimize the knowledge of cemented paste tailings, several studies have
conducted rheological and permeability tests to study specific factors that can affect the flowability

and porosity of cemented paste tailings. In the areas of rheology researchers have successfully

explored factors like, the influence of type and content of binders, tailings, initial sulphate content,
and superplasticizers on the rheological characteristics of CPB (Haiqiang et al., 2016; Bian et al.,
2021; Al et al., 2021; Haruna and Fall 2020; Ouattara et al., 2017; Xiao et al., 2021; Xiapeng,
Ouattara et al., 2018; Roshani and Fall, 2020).

Yang et al. (2019) and (2020) successfully studied the mixing process (such as mixing time,
mixing speed) and its influence on the rheological performance of CPB. Some studies have focused
on the mixing power (Cazacliu, 2008, mixing time (Chopin et al., 2004), mixing velocity (Han and
Ferron, 2016) and mixer parameters (Cazacliu and Roquet, 2009). Furthermore, Han and Ferron,
(2016) proposed that the fluidity of cement paste was affected by mixing power as they highlighted
that the fluidity properties of cement paste deteriorated when the mixing power increased to a
threshold value. Takahashi etal. (2011) investigated how the mixing energy affected the fluidity and

hardened behaviours of cement-containing grouts and showed that a longer mixing time reduced the
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rheological parameters of the cement-containing grouts. The mixing time was inversely
proportional to energy consumption and production efficiency. Therefore, an increase in mixing time
increases energy consumption and decreases production efficiency during mixing (Cazacliu, 2008;
Cazacliu and Roquet, 2009).

The permeability properties of CPB can be evaluated using knowledge of its hydraulic
conductivity. Hydraulic conductivity is a crucial factor that governs the rate of groundwater flow
through the CPB structure. This parameter provides valuable insights into the CPB's pore structure,
including coarseness, connectivity, and any potential cracking. Previous studies on the
permeability properties of CPB include works by Fall et al. (2009). The authors who
experimentally studied the permeability properties of CPB by assessing its hydraulic conductivity

reported that the hydraulic conductivity of CPB is time-dependent, decreasing with increasing

curing time. They further highlighted that the permeability of CPB is influenced by factors such
as CPB mix components, water to cement ratio, binder type, tailings fineness, and sulphate
concentration. Curing temperature and time were also reported to impact hydraulic conductivity,
particularly in early age samples. Initial sulphate was found to have two opposite effects on the
hydraulic conductivity. At an early age, up to 28 days of curing, CPB containing sulphate has
lower hydraulic conductivity due to low porosity caused by precipitation of secondary cement
hydration products. At old curing age (90 days and above), the CPB containing high sulphate
content becomes more permeable due to the development of microcracks as the amount of
expansive hydration products becomes excessive.

Other researchers have also experimentally shown that changes in hydraulic conductivity
influence the effectiveness of the CPB (Chakilam and Cui, 2020). For example, Sheshpari (2015)
emphasized the importance of designing CPB so that its drainage has the appropriate hydraulic

conductivity to prevent retaining wall destruction and facilitate drainage. Similarly, Pokharel and
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Fall (2013) argue that temperature and sulphate significantly influence hydraulic conductivity and
can either increase or decrease it. For instance, a decrease in temperature increases hydraulic
conductivity (Jiang et al., 2017). As a result, it is critical to keep the temperature at an optimum

level to avoid a negative impact on the CPB.

2.9 CONCLUSION

The shift towards paste for surface and underground disposal of tailings as an alternative
to traditional methods signifies a transformative phase in mine waste management practice. While
this approach offers significant advantages across operational, environmental, and regulatory
aspects in mineral extraction and processing, there is still a major challenge of fully understanding

the behaviour of paste tailings. This challenge is particularly evident in the preparation of paste

tailings that meet suitable flowability and porosity standards in order to avoid cost problems from
pipeline clogging during PT transportation and environmental leaching through AMD. To tackle
these problems the knowledge of paste tailings technology must be continually optimized through
laboratory-scale studies that focus on how several factors affect the material properties and
behaviours of PT. Specifically, investigations into the effects of pyrite content in tailings, binder
types, binder replacement, and the combined synergistic effects of these components are essential.
Examining how these factors influence the rheological and permeability properties of paste tailings
is pivotal for overcoming the challenges associated with successful understanding and application
of PT for both surface and underground disposal. Therefore, investigation of these factors would
be the focus of this PhD research. Findings from the study will provide beneficial information for

proper and sustainable design of PT.
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3.1 ABSTRACT

The flow characteristics of paste tailings (PT), including uncemented and lightly cemented
paste tailings (UPT/LCPT), are critical for pipeline transport and surface paste disposal. These
properties, particularly yield stress and viscosity, may be significantly affected by the presence of
sulfide minerals like pyrite in tailings from hard rock mines. Pyrite’s oxidative capacity alters the
chemistry of mixtures, impacting their rheological behaviour. However, comprehensive studies on
the effects of pyrite on UPT/LCPT rheology are lacking, despite their importance for effective
transport and disposal. This study experimentally assesses the influence of varying pyrite
concentrations (0%, 5%, 15%, and 45%) on the rheological properties of UPT and LCPT, prepared
with two binder types (PCI and Slag) and analyzed at room temperature (20 °C) over curing times
(0, 20, 60, and 120 min). Key assessments included yield stress, viscosity, electrical conductivity,

pH, zeta potential, and microstructural analysis. Results show that pyrite content substantially affects
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the rheological properties of UPT and LCPT. The rheological properties of UPT increased as pyrite
concentration rose, with yield stress and viscosity rising in the order of 5%, 15%, and 45% pyrite
content. In LCPT mixtures, yield stress increased steadily over time with increasing pyrite content,
while viscosity increased with pyrite content but decreased over time. The results also show that
pyrite content causes microstructural and chemical changes in fresh LCPT, particularly, changes
related to interparticle forces and inhibition of cement hydration. These findings provide valuable
insights for optimizing tailings management and advancing environmentally sustainable designs of

LCPTs and UPTs.

Keywords Uncemented paste tailings - Cemented paste backfill - Pyrite - Tailings - Rheology - Mine
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3.2 INTRODUCTION

Over the years, the global mining industry has witnessed a paradigm shift in its environmental
responsibility and sustainability approaches. As the quest for a sustainable future continues, the
mining sector is more aware of the need to implement innovative practices that minimize ecological
footprints, particularly in areas related to mine waste management. One such groundbreaking
advancement is the development of paste tailings (PT) (Fall et al. 2005; Nasir and Fall 2008), a
technique that has been implemented to address the problems of voluminous mine waste quantities
and also aligns with the overall goal of achieving environmental sustainability in the mining sector.

Paste tailings are tailings that have undergone significant dewatering, such that they do not
have critical flow velocity during pumping, exhibit no segregation upon deposition, and produce
minimal bleed water upon discharge from a pipe (Dixon-Hardy and Engels 2007). Compared to other
conventional tailings management methods (e.g., slurry tailings), PTs are more advantageous in
terms of mechanical, economic, and environmental aspects. They can be used for backfilling
underground mines in the form of cemented paste backfill (CPB) and/or for surface paste disposal
(SPD) in the form of uncemented (UPT) or lightly cemented (LCPT) paste tailings (Tariq and Ernest
2013; Cincilla et al. 1997; Robinsky 1999; Aubertin et al. 2003; Kesimal et al. 2004; Aldhafeeri and
Fall 2016; Bull and Fall 2020).

In SPD, paste tailings undergo thickening and filtration processes to yield a filter cake, with
a water content by weight ranging between 15 and 25% and approximately 80-85% by weight solids
contents (Ichrak et al. 2016). This method helps with water recycling and efficient management of
excess water during deposition (Ichrak et al. 2016), thus reducing seepage and evaporation losses
from the tailings storage area. Ensuring sustainable water management practices in mining
operations has become increasingly crucial. The potential to recover significant water quantities

directly at the PT plant, facilitated by thickeners, mitigates the challenges linked with transporting
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and storing water at either the tailings site or in reservoirs (Fourie 2003). This not only addresses
environmental concerns, such as seepage and process water spillage but also greatly reduces the risk
of water acting as a pathway for tailings flows, particularly in the event of embankment breaches.
Moreover, utilizing PT for SPD minimizes the requirement for costly maintenance of impoundment
dikes and dams, as well as post-closure site rehabilitation (Ichrak et al. 2016). Additionally, because
of their substantially lower water content relative to conventional slurry tailings, surface PT
structures show enhanced geomechanical stability under both static and dynamic loads compared to
traditional slurry tailings. In other words, these surface PT structures are less susceptible to major
geotechnical failures (e.g., static and dynamic liquefaction), thereby lessening the risks associated
with catastrophic dam failures linked to surface slurry tailings facilities.

However, despite recognizing their improved geomechanical stability, significant concerns
persist regarding the environmental impact and performance of these surface PT structures.
Specifically, there are apprehensions regarding their potential to generate Acid Rock Drainage
(ARD), release contaminants into the environment (leachability of contaminants from PT), and
produce wind-blown tailings dust. For example, PT can contain a significant quantity of sulfide
minerals. Iron sulfide minerals like pyrite (FeS:) and pyrrhotite (Fel-XS: x = 0-0.125) are one of
the most hazardous types of sulfide minerals found in mine tailings (Dold 2014; Ohlander et al.
2012). When exposed to air, these sulfide minerals react with oxygen and undergo an oxidation
process. This process reduces the pH of the surrounding environment through the dissolution of
various heavy metals or metalloids, leading to the acidification of nearby waters (Ichrak et al. 2016;
Marcus 1997). This phenomenon is commonly known as ARD. Therefore, if pyrite- bearing tailings
are not managed appropriately during SPD, they are prone to generating ARD, which is characterized
by high acidity with a low pH (< pH 6), elevated sulfate levels (> 1000 mg L") and mine drainage-

rich in metals, such as Cd, Co, Cr, Cu, Fe, Ni, Pb, and Zn (INAP 2009). This pyrite-containing
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leachate may further spread to nearby groundwater and/or surface water, propagating into the sur-
rounding biosphere, chemosphere, and hydrosphere. This may result in damage to plants, organisms,
animals, and humans (Nason et al. 2013). To address these challenges and mitigate environmental
risks, the introduction of small amounts of binder (e.g., up to 2% binder) into paste-tailing mixtures
has been proposed and implemented to create lightly cemented PT (Deschamps et al. 2011).
Incorporating a suitable binder serves to immobilize contaminants within the tailings, improve the
mechanical stability of surface PT structures, reduce the potential acid generation, minimize the
generation of airborne dust from the tailings, and significantly decrease the pore structure of the
tailings, thereby limiting the release of substances from the tailings into the environment.

To gain deeper insights and advance PT technology, researchers have continually
investigated the main performance characteristics of PT. Among these characteristics, rheological
properties stand out as crucial factors governing the flowability or transportability of fresh PT. It is
imperative for PT to possess satisfactory rheological properties to facilitate its transportation from
the PT plant to the deposition site (Fall et al. 2010). These rheological properties, including yield
stress (the lowest shear stress needed to start flow (Simon and Grabinsky 2013)) and viscosity (the
measure of a fluid's resistance to shear deformation or its opposition to flow (Akbar et al. 2009)),
could be strongly altered by the presence of sulfide minerals (e.g., pyrite, pyrrhotite) in the tailings
and/or by the ability of the sulfide minerals to oxidize. Given that tailings generated from hard rock
mines often contain significant amounts of sulfide minerals, particularly pyrite, understanding the
impact of these minerals on the flow properties of PT, whether uncemented or lightly cemented, is
crucial for designing paste tailings (PT) with optimal flowability. This knowledge is essential for the
effective implementation of PT technology in SPD as inadequate flowability can result in pipeline
clogging which has significant financial ramifications for the mine. Therefore, investigating the

impact of sulfide minerals on PT rheology becomes imperative.
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However, in the past decade, research studies on PTs there is a paucity of studies on the
rheological characteristics of uncemented paste tailings (Kwak et al. 2005; Huynh et al. 2006), and
no research has been conducted on the rheological behaviour of lightly cemented PT. Many studies
have also focused on studying how numerous factors like chemical functional groups, pore volume,
pore fluid pH, and solid particle surface potential affect the flow properties of paste tailings
(Goudoulas et al. 2003; Huynh et al. 2006). Some of these investigations, including the work by
Kwak et al. (2005), utilized vane geometry to assess how varying water content influences the
rheological behavior of mine tailings, drawing com- comparisons with kaolin clay. They concluded
that the flow behaviour or ability of PT is a function of its water content. Huynh et al. (2006), who
examined the effect of polymer addition on the rheology of dewatered tailings, found that these
polymers are effective in lowering the yield stress of concentrated plant tailings. The earlier studies
on the rheological behaviour of PT have significantly enhanced our understanding of PT’s flow
properties.

Despite these significant findings, previous studies have overlooked investigating the impact
of sulfide mineral content, notably pyrite, which is prevalent in hard rock mine tailings, on the
rheological characteristics of uncemented or lightly cemented PT. This represents a critical gap in
the literature that needs to be addressed. To fill this void, this study seeks to experimentally examine
the impact of pyrite content of varying pyrite content, curing durations, and binder types on the
rheological characteristics of lightly cemented (LCPT) and uncemented (UPT) paste tailings for
SPD. (Koohestani et al. 2016; Yilmaz et al. 2014) have focused majorly on their mechanical (Yin et
al. 2012; Cui and Fall 2016; Fahey et al. 2011) and environmental (Kwak et al. 2005; Aldhafeeri and
Fall 2017; Adiguzel and Bascetin 2019; Xiapeng et al. 2019) properties or behaviour. Only limited
studies examined factors influencing the flow behaviour or rheological characteristics of PT

(Aldhafeeri and Fall 2017). Moreover, the existing research on the rheological characteristics of PT
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largely focused on cemented paste tailings or cemented paste backfill (CPB) used for backfilling in
underground mining operations (Ouattara et al. 2017; Bian et al. 2021); Xiapeng et al. 2019). These
investigations have concluded that the rheological properties of CPB are time-dependent and
influenced by various factors, including temperature, sulfate content, mixing duration, and fiber
content. However, there is a paucity of studies on the rheological characteristics of uncemented paste
tailings (Kwak et al. 2005; Huynh et al. 2006), and no research has been conducted on the rheological
behaviour of lightly cemented PT. Many studies have also focused on studying how numerous factors
like chemical functional groups, pore volume, pore fluid pH, and solid particle surface potential
affect the flow properties of paste tailings (Goudoulas et al. 2003; Huynh et al. 2006). Some of these
investigations, including the work by Kwak et al. (2005), utilized vane geometry to assess how
varying water content influences the rheological behavior of mine tailings, drawing comparisons
with kaolin clay. They concluded that the flow behavior or ability of PT is a function of its water
content. Huynh et al. (2006), who examined the effect of polymer addition on the rheology of
dewatered tailings, found that these polymers are effective in lowering the yield stress of
concentrated plant tailings. The earlier studies on the rheological behaviour of PT have significantly
enhanced our understanding of PT’s flow properties.

Despite these significant findings, previous studies have overlooked investigating the impact
of sulfide mineral content, notably pyrite, which is prevalent in hard rock mine tailings, on the
rheological characteristics of uncemented or lightly cemented PT. This represents a critical gap in
the literature that needs to be addressed. To fill this void, this study seeks to experimentally examine
the impact of pyrite content of varying pyrite content, curing durations, and binder types on the
rheological characteristics of lightly cemented (LCPT) and uncemented (UPT) paste tailings for

SPD.
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3.3 EXPERIMENTAL PROGRAM

The experimental plan aimed to investigate several key factors: (i) The effect of varying
pyrite content (0%, 5%, 15%, 45%) on both the yield stress and viscosity of lightly cemented and
uncemented PT. (ii) The influence of different binder types on the yield stress and viscosity of pyrite-
containing PT. (ii1) The time-dependent changes in yield stress and viscosity of lightly cemented and
uncemented PT. (iv) The evolution of pH, zeta potential, microstructure, and electrical conductivity

in both cemented and lightly uncemented pyrite-bearing PT.

3.3.1 MATERIALS USED

3.3.1.1 TAILINGS

In this study, high-purity synthetic silica tailings (ST), produced by U.S. Silica Co., were
utilized. These STs, classified as medium tailings according to Landriault (1995), consist of 99.8%
quartz, which is a dominant mineral commonly found in Canadian hardrock mines. STs were chosen
as a replacement for natural tailings due to their particle size distribution (PSD) closely resembling
the average grain size distribution of tailings from nine different Canadian mining sites, as depicted
in Fig. 1, as well as due to the fact they are essentially made of quartz. Since STs are primarily made
up of quartz, they serve as a non-reactive and non-acid-generating tailings material. This reduces the
uncertainty associated with natural tailings, which often contain a variety of reactive chemical
elements and sulfide minerals that can oxidize and produce sulfates when exposed to water and
oxygen. Such chemical interactions could interfere with cement hydration and compromise the
accuracy of the results (Fall et al. 2010). The physical and mineralogical char- characteristics of the

STs are presented in Tables 1 and 2, respectively.
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Table 1: Physical properties of ST.

ELEMENT Gs(um) Dio(um) D3o(um) Dso(um) Deo(nm)
ST 2.7 1.9 9.0 22.5 31.5
Average of 9 types - 1.8 9.1 20.0 30.8
of tailings

Gs: specific gravity; Ss: specific surface area

Table 2: The mineral composition of ST

MINERAL
TAILINGS
Q 8 8
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ST: Silica tailings; wt.: weight.
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Figure 1 Particle size distribution of ST utilized in this study, along with the average particle
size distribution of tailings from nine Canadian mines
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3.3.1.2 BINDER

In this research, Type I Portland cement (PC), the most widely used binder in PT mixtures,
was selected as the main binding material. Additionally, granulated ground blast furnace slag (SA)
was included in some LCPT mixtures as a partial replacement for PC. The use of blended binders
was motivated by economic considerations, as PC is relatively expensive. Furthermore, substituting
part of the PC with SA helps reduce the carbon footprint of LCPT technology since the production
of PC emits significantly more greenhouse gases compared to slag. These combinations of binders
are referred to as SG for mixtures containing both PC and slag and PC-only for mixtures composed
entirely of Portland cement. The blending ratio of PC and slag used in this study was 50:50 by weight.

The physical and chemical characteristics of both PC and slag are provided in Table 3.

Table 3 Physical and chemical composition of PC and SG

Specific
Na:0 MgO  ALOs; SiO: K>0 CaO TiOz MnO Fe:03 LOI  Relative surface area
density  (cm%/g)
PCI 0.341 2.577  4.808 20375 0.962 62.700 0.225 0.054 3.609 2.162 3.2 1300

Slag 0.284 11.782  10.595 35.572 0.478 39.212  0.467 0.298 0.621 0.388 2.8 2100

3.3.1.3 PYRITE AND MIXING WATER

In this study, pyrite powder (FeS2, Molecular Weight = 119.98) sourced from
Washington Mills North Grafton, Inc. was utilized. The particle size of this pyrite powder is
comparable to that of pyrite minerals typically present in natural tailings. The pyrite powder was
combined with ST, PC, and SG to create three distinct types of pyrite-containing tailings mixtures
(PT-ST, LCPT-ST-PC, and LCPT-ST-SG), with pyrite concentrations of 0%, 5%, 15%, and 45% by

weight. The physical properties of the pyrite used are detailed in Table 4. Tap water was employed
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for all the tailings and binder mixtures in this research. A consistent water-to-binder ratio of 32 was

applied to prepare all samples.

Table 4: Physical and chemical properties of pyrite.

BULK DENSITY DENSITY AT 20 SP. PH MELTING

(g/cm?) °C (g/cm®) GRAVITY POINT

2.35 4.7 4.6 4.0- 1193
6.0

Sp: specific. gravity

3.3.2 SAMPLE PREPARATION AND MIXING RATIOS

The different cemented and uncemented mix samples (PT- ST, LCPT-ST-PC; LCPT-ST-SG)
investigated in this study were prepared following the experimental plan outlined in Table 5. Silica
tailings, pyrite, and binders were first weighed into a mechanical mixing bowl using a scientific
weighing scale, then the powders were subsequently mixed for 5 min using a mechanical mixer at a
constant mixing speed (Speed 2) under room temperature. Then the pre-measured quantity of tap
water was added to the mechanical mixer containing the powders. The mixtures were subsequently
blended for another 5 min to achieve a uniform consistency. Following the mixing procedure, the
paste was poured into plastic cylindrical molds measuring 10 cm in diameter and 20 cm in height.
The samples were then cured in line with the experimental schedule outlined in Table 5. The choice
of plastic cylinder molds aimed to replicate the sizes of pipes used in on-field PT practice (Haigiang
et al. 2016). Other tests or experiments, including microstructural analysis, pH, zeta potential
measurements, and monitoring of the electrical conductivity were also carried out on the mix samples
at room temperature. For these analyses, moulds measuring 5 cm in diameter and 10 cm in height

were utilized, and electrical conductivity was tracked over a period of 6 h.
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Table 5 Experimental plan for rheological tests

SAMPLE NAME  TAILINGS BINDER BINDER PYRITE VOL. CURING
TYPE TYPE CONTENT CONTENT W/VOL.B  TIME (min)
(vV1%) (W%) RATIO
UNCEMENTED PASTE TAILINGS
PT-ST-0 ST +PY - 0 0 0 0
PT-ST-5 ST + PY - 0 5 0 0
PT-ST-15 ST +PY - 0 15 0 0
PT-ST-45 ST +PY - 0 45 0 0
PT-PT-45 ST + PY - 0 45 0 0
LIGHTLY CEMENTED PASTE TAILINGS

LCPT-ST-PC-0 ST +PY PCI 1.0 0 32 0, 20, 60, 120
LCPT-ST-PC-5 ST +PY PCI 1.0 5 32 0, 20, 60, 120
LCPT-ST-PC-15 ST +PY PCI 1.0 15 32 0, 20, 60, 120
LCPT-ST-PC-45 ST +PY PCI 1.0 45 32 0, 20, 60, 120
LCPT-PT-PC-45 ST +PY PCI 1.0 45 32 0, 20, 60, 120
LCPT-ST-SG-0 ST+PY  PCI/SG(50/50) 1.0 0 32 0, 20, 60, 120
LCPT-ST-SG-45 ST+PY  PCI/SG(50/50) 1.0 45 32 0, 20, 60, 120

V%- Volume percentage; W%- Weight percentage; Vol.w/Vol.b- Volume of binder/Volume of water ratio; SG: slag; PY: pyrite; ST: silica

tailings.

3.3.3 TEST PROCEDURES

3.3.3.1 VISCOSITY MEASUREMENT

Viscosity measurements for all sample mixtures were performed using a Brookfield digital

viscometer (DV-E model) from Brookfield Engineering Laboratories Inc. This instrument

determines the viscosity of fluids at specific shear rates by rotating a spindle at a constant speed,

controlled by a calibrated spring. The device measures the resistance (viscous drag) of the fluid

against the spindle using a rotary transducer, which generates a torque signal that is interpreted as

spring deflection (Brookfield 2016). The selection of spindles depends on the viscosity range of the

material being tested. In this study, an RV6 spindle was used in accordance with the operating

guidelines. For each sample, the spindle was carefully submerged in the fluid to prevent the

introduction of air bubbles. The viscometer was then activated, and readings were taken after the

values had stabilized, with measurements recorded at a speed of 50 rpm for a duration of 1 min. Each

experiment was conducted at least twice, with the average value considered for analysis.
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3.3.3.2 YIELD STRESS

The yield stress measurements were conducted using the Wykeham-Farrance laboratory vane
shear device. While this equipment is primarily designed for determining the shear strength of
cohesive soils, it can also be adapted to measure the yield stress of non-Newtonian fluids (Keentok
1982; Nguyen and Boger 1985). The vane consists of four blades, each measuring 2.5 cm in diameter
and 2.5 cm in height, and it was carefully placed into the center of the mixture samples. Before taking
any measurements, the sample was allowed to rest for 30 s to minimize any disturbances caused by
the vane insertion (Saebimoghaddam 2005). Afterwards, the motor was activated, rotating the vane
steadily at a fixed speed of 0.18 rpm. The highest torque at which the material failed under shear was
recorded, and the corresponding yield stress was calculated according to the guidelines specified in
ASTM D4648/D4648M-16. To ensure the reliability of the results, each test was performed at least

twice.

3.3.3.3 ELECTRICAL CONDUCTIVITY MONITORING

To further understand the reaction mechanisms driving changes in the rheological behaviour
of LCPT samples, a TEROS-12 sensor, with a measurement precision of + 5, was employed to
monitor the electrical conductivity (EC) of each specimen (MMM Tech, n.d). The evolution of EC
in the samples provides valuable information about ion movement, which results from chemical
reactions and the water content within the LCPT. This property serves as an indicator for tracking
the progress of cement hydration (Tamas et al. 1987; McCarter and Curran 1984; Aschan 1966) and
for observing structural changes in hydrating cementitious materials (Courard et al. 2014). In this
study, EC measurements were taken using the TEROS-12 sensor, which determines EC by passing
an alternating electrical current between two electrodes and measuring the resulting resistance. The

sensor was inserted into a plastic cylindrical container (10 cm in diameter and 20 cm in height)
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holding the LCPT, with readings recorded every minute for a period of 6 h. All data was then

collected using an Em50 data logger manufactured by Decagon Devices, Inc.

3.3.3.4 pH AND ZETA POTENTIAL MEASUREMENTS

The flow behavior of suspensions is heavily influenced by the surface chemistry of the
particles, a fact established by various researchers, including Leong and Boger (1990), Bradley et al.
(1991), and Johnson et al. (2000). To assess the surface chemical characteristics of particles in the
samples for this research, pH and zeta potential measurements were taken from selected UPT and
LCPT samples. The pH levels were recorded using an Oakton pH 6 + meter, which has an accuracy
of £ 0.01 (Oakton, n.d). Each pH measurement was taken at least twice to ensure the precision of the
readings, and the average values were reported. The zeta potential (ZP) was measured with a Malvern
Zetasizer Nano series instrument, which determines the electrophoretic mobility of particles in
suspension through phase analysis light scattering (PALS). The zeta potential of the particles is then
calculated using the Henry equation (Clogston and Patri 2011). For each sample, the zeta potential

measurement was repeated a minimum of three times to guarantee the reliability of the results.

3.3.3.5 MICROSTRUCTURAL ANALYSIS

To gain a deeper insight into the microstructural characteristics and the progression of binder
hydration in the tested materials, as well as their influence on the rheological behaviour of the paste
tailings, thermal gravimetric analysis (TG), differential thermal gravimetry (DTG), and x-ray
diffraction (XRD) were performed on selected cement paste samples of LCPT. These analyses help
to evaluate the microstructural attributes and transformations occurring within the LCPT. The

samples were first prepared and cured for periods ranging from 20 to 60 min, after which they were
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oven-dried at 45 °C for 4 days to remove free water. Once mass stabilization was achieved, the

samples were ground into powder for microstructural testing.

3.4 RESULTS AND DISCUSSION

3.4.1 EFFECT OF PYRITE ON THE RHEOLOGICAL PROPERTIES OF UNCEMENTED
PASTE TAILINGS

The variation of initial yield stress and viscosity in uncemented paste tailings (UPT) with
different pyrite contents is presented in Figure 2. From the figure, it is evident that pyrite content

significantly impacts both the yield stress and viscosity of UPT.
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Figure 2: Impact of pyrite content on yield stress (a) and viscosity (b) of uncemented paste tailings

(UPT).

According to Fig. 2, the yield stress of UPT simultaneously rises as the pyrite content
increases (Fig. 2a). A comparable pattern is also noticed in the viscosity results (Fig. 2b), as viscosity
is also seen to increase significantly as pyrite content increases. The rise in both yield stress and
viscosity is seen to follow the order of 5% < 15% < 45% pyrite content. Hence, the samples
containing 45% pyrite exhibited the most significant rise in yield stress and viscosity when compared

to those with lower pyrite concentrations. The increase in yield stress and viscosity could be
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attributed to several factors, including the particle packing and size distribution of pyrite within the
paste mixture (Ding et al. 2007). Pyrite particles in this mixture are denser (specific gravity of pyrite
= 4.6; Table 4) than other constituents of the mixture (specific gravity of the quartz = 2.7; Table 1),
so an increase in pyrite content influences the overall arrangement of particles promoting a more
tightly packed structure. As a result of this, the denser packing induced by increased pyrite content
will elevate the resistance to flow within the paste mixture, thereby altering and increasing the yield
stress (from 57.5 to 143.9 Pa) and viscosity (from 0.49 to 2.61 Pa.s) of the mixture. Furthermore, the
size distribution of pyrite, particularly fine particles (which was used in this study), could be
considered an additional factor responsible for the increased rheological properties (yield stress and
viscosity). This is because finer particles can fill void spaces between larger particles in the mixture,
thereby promoting a more closely packed system. This explanation is corroborated by Ding et al.
(2007) research study, where the effect of solid concentration on the rheological behaviour of pyrite-
heptane slurry was studied. The authors concluded that as the solid concentration of pyrite rises from
64 wt% to 79 wt%, the rheological behavior shifts from a Bingham characteristic to a pseudoplastic
one with a higher yield stress. The authors further explained that at lower solid concentrations (below
64 wt%), the slurry exhibited a Bingham flow, possibly because the pyrite particles are widely spaced
and not influenced by attractive forces like van der Waals forces, allowing them to move
independently. While at higher solid concentration (75 wt%), the slurry had a higher yield stress and
was more resistant to flow because the particles were more tightly packed. In addition, the authors
also highlighted that as the pyrite particle size decreased to finer particles with increasing
concentration, the slurry became more viscous.

Another critical factor contributing to the increase in yield stress and viscosity would be the
chemical oxidation of the pyrite minerals. Pyrite oxidation creates acidic conditions and the

formation of compounds such as sulfate ions (SO+>") (Kumari et al. 2010). These conditions and
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compounds can alter the chemical and physical properties of the UPT mixture (Ding and Pacek 2008;
He et al. 2006; Li et al. 2006), thereby contributing to changes in pH, ionic strength, and overall
reactivity of the paste mixture, as demonstrated by pH and zeta potential experimental results given
in Figs. 3 and 4, respectively.

According to the time-dependent graphical illustration given in Fig. 3, it is evident that the
pH value decreases in more acidic conditions as pyrite content increases. The UPT sample labeled
PT-ST-45% is seen to be more acidic compared to other sample mixtures, this is because it contains
the highest percentage of pyrite. Also, the graph indicates that the rate of pyrite oxidation is time-
dependent, therefore as time progresses, the samples containing pyrite (e.g., the pH value of PT-ST-
45% decreases from 2.99 to 2.62) undergo further oxidation, leading to more acidic conditions and

a decrease in pH.
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Figure 3: pH of uncemented paste tailings (UPT)
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The zeta potential results, which reflect the level of particle surface charge (Huynh et al.
2006; Elakneswaran et al. 2009; Hunter 2013; Haiqiang et al. 2016), are shown in Fig. 4. Typically,
a higher zeta potential indicates that more ions adhere to the particle surfaces. Additionally, zeta
potential values are directly linked to the intensity of the electrostatic repulsive forces between
particles. In particular, a strongly negative or positive zeta potential usually generates strong
repulsive forces, potentially leading to a decrease in particle cohesion (Plank and Hirsch 2007; Zingg
et al. 2008). The data presented in Fig. 4 indicate that the absolute zeta potential drops from 30 mV
in samples without pyrite to 18.35 mV in samples containing 45% pyrite. This means that as the
pyrite concentration increases, the absolute zeta potential decreases.

This is an indication that increased pyrite content leads to reduced repulsive forces between
the UPT particles, which promotes possible flocculation, thereby increasing the viscosity (Divet and
Randriambololona 1998; Zingg et al. 2008; Elakneswaran et al. 2009). Therefore, these alterations
in pH and zeta potential can enhance cohesion and particle interactions, thereby leading to increased
yield stress (Xiapeng et al. 2019; Nachbaur et al. 1998), which may also affect the fluidity of UPT,

causing an increased viscosity.
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Figure 4: Zeta potential of UPT samples with different pyrite content
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3.42 EFFECT OF PYRITE ON THE RHEOLOGICAL PROPERTIES OF LIGHTLY
CEMENTED PASTE TAILINGS

To assess the effect of curing duration and pyrite contents on the yield stress of LCPT, a
time-dependent graph was generated, plotting yield stress against curing times of 0, 20, 60, and 120
min, as illustrated in Fig. 5. The graph’s results indicate that both the duration of curing and the
pyrite content have a notable impact on the yield stress across all LCPT mixtures. Figure 5
demonstrates that the yield stress of LCPT samples increases consistently with longer curing times,
regardless of the pyrite content. This rise over time is attributed to the formation of additional cement
hydration products as curing progresses (Jiang and Fall 2017). Cement hydration progress is
generally associated with longer curing time, leading to the generation of a greater volume of
hydration products in LCPT. This would enhance the interparticle frictional resistance of the LCPT
mixture, causing a corresponding rise in yield stress (Jiang and Fall 2017). In addition, hydration
products like calcium silicate (C-S—H) enhance cohesion among particles, thereby leading to high-

yield stress (Yin et al. 2012).
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Figure 5: Time-dependent yield stress evolution of LCPT containing different pyrite content.
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Furthermore, a portion of the available free water is utilized in the hydration reaction,
causing a reduction in the thickness of the water film surrounding the solid particles. Consequently,
this leads to an increase in the yield stress for samples with more hydration products (Zhou and Fall
2022). The increase in hydration products (e.g., C-S—H, ettringite, CH) over an extended curing
period is validated by the findings from TG/ DTG analysis. Figure 6 illustrates the outcomes of
DT/DTG analyses conducted on LCPT-5% at 20 and 60 min. The peak observed between 60 °C and
180 °C corresponds to the dehydration process of hydration compounds like C-S—H,
carboaluminates, and ettringite, while the temperature peak around 400-480 °C indicates the

droxylation of CH (Rocha et al. 2015). A comparison of the plotted TG/DTG results cured for
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Figure 6: TG/DTG analysis of LCPT cured for 20 and 60 mins
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Aside from curing time, Fig. 5 also suggests that the time-dependent increase in yield
stress is also affected by the presence or absence of pyrite in the LCPT mixtures. The yield stress of
the LCPT without any pyrite (LCPT-ST- PC-0%) was seen to increase drastically from 86 to 431 Pa
within 2 h (from time = 0 to time = 2 h), which corresponds to an increase of about 500%. In contrast,
all the samples containing pyrite (LCPT 5%, 15%, and 45%) recorded much lower final yield stress
values compared to samples without pyrite. Particularly, the sample with the highest pyrite content
(LCPT-45%) was seen to increase from 230 to 280 Pa within 2 h (from time = 0 to time = 2 h), which
is about a 30% increase within the same time interval as samples without pyrite content (LCPT 0%).
The low percentage increase in yield stress exhibited by pyrite-containing samples can be attributed
to cement hydration inhibition caused by exposure to pyrite and its byproducts like sulfate. Earlier
investigations (Lawrence 1990; Pokharel and Fall 2013) have shown that sulfate ions generated
during the oxidation of pyrite can hinder the hydration process in cemented tailings mate- rials. This
inhibition reduces the production of hydration products and is attributed to the formation of ettringite,
a hydrous mineral resulting from the reaction between sulfate and tricalcium aluminate (CsA). It is
well-established that when C3A is dissolved in solution, it readily reacts with sulfate ions to form
ettringite. The ettringite then subsequently coats unhydrated cement particles' surfaces, blocking
additional reactions (Pye and Schiavon 1989; Prince et al. 2003; Lawrence 1990; Zingg et al. 2009;
Pokharel and Fall 2013). The formation of less hydration products leads to a decrease in interparticle
frictional resistance and a less cohesive structure, consequently lowering the yield stresses of LCPT-
containing pyrite. The formation of a greater volume of ettringite in samples with a higher pyrite
content is confirmed by the results of XRD analyses carried out on 2 h cured LCPT cement pastes
without pyrite content (Fig. 7a) and with pyrite content (Fig. 7b). The XRD results (Fig. 7a, b) reveal
that the 20% pyrite sample contains more ettringite compared to the 5% pyrite, as shown by the

higher intensity of the ettringite peak in the 20% pyrite. For example, the ettringite peaks observed
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between 14-15 (20) recorded an intensity of 418 cps for the 20% sample while the 5% sample
recorded an intensity of 319 cps. This was the same for peaks between 20-25 (20) and 4045 (20).
Furthermore, the XRD results show that the 20% pyrite sample contains more unreacted C>S and
C3S than the 5% pyrite sample, correlating with the inhibition of cement hydration by the presence

of more sulfate ions in the 20% pyrite sample.
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Figure 7: Plotted XRD patterns for LCPT with 20% and 5% pyrite contents.

The inhibition assertion previously explained using the XRD results is further validated
experimentally by electrical conductivity (EC) monitoring results, presented in Fig. 8. Electrical
conductivity reflects the level of 1on concentration and the mobility of ions within the samples, and
the ion concentration provides insight into the speed of the cement hydration process (Bian et al.
2021). Figure 8 shows the changes in the EC values with curing time for the LCPT samples without
pyrite and with pyrite content of 15 and45% concentration. According to the results, the samples
with pyrite results recorded the highest initial EC compared to samples without pyrite content. For
example, the 45% sample’s initial EC value was 4.53 mS/cm, the 15% sample recorded an initial EC
value of 1.96 mS/cm, while the sample with no pyrite content recorded an initial EC value of 1.17
mS/cm. However, as time progressed the curves representing samples with pyrite maintained a
similar trend of a drastic decline in EC value, while the EC curve of the sample with no pyrite content

showed a rapid trend of increase in comparison to the two samples with pyrite. This rapid increase
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reflects faster cement hydration in the pyrite-free sample. Thus, this result is in line with the above-
mentioned inhibition due to the presence of ettringite. Ettringite is a hydration product formed during
the early stages of cement hydration, especially in sulphate-rich environments. However, in the
presence of pyrite, sulfate ions released from pyrite oxidation can react with calcium ions from
cement hydration to form ettringite. The formation of ettringite consumes both sulfate ions and
calcium ions, which are essential for the progression of cement hydration reactions. This inhibition
slows down the hydration process, leading to a decrease in the rate of formation of hydration products
and, as a result, a decrease in electrical conductivity over time compared to the control without pyrite.

This confirms that the presence of pyrite in paste mixtures can delay/inhibit the hydration reaction.
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Figure 8: Development of electrical conductivity in LCPT with different pyrite contents.

Figure 9 illustrates the results of evaluating the effect of pyrite content on the time-

dependent evolution of the viscosity of LCPT. It shows that both curing time and pyrite content
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influence the viscosity of all LCPT samples. Two trends are observed in the evolution of viscosity:
(1) viscosity increases with increasing pyrite content; (2) viscosity decreases as curing time increases.
In the first trend, Fig. 9 shows that higher pyrite content results in higher viscosity of the samples. In
other words, LCPT samples with the highest pyrite content (LCPT-ST-PC-45%) had the highest
initial viscosity of 5.9 Pa.s, compared to other pyrite-containing LCPT mixtures (0%, 5%, and 15%)).
This pyrite-induced increment in viscosity can be attributed to increased solid concentration, leading
to increased interparticle forces and subsequently higher viscosity. Indeed, as discussed earlier,
higher pyrite content increases the packing density of the mixture, thereby increasing its solid

concentration per unit volume, which causes an increase in viscosity (Ding et al. 2007).
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Figure 9: Time-dependent viscosity evolution of LCPT containing different pyrite content.

Furthermore, increased pyrite content causes changes in the surface chemistry of fresh LCPT

due to the adsorption of sulfate ions (formed from the oxidation of pyrite) to LCPT cement particles

and hydration products. These changes affect the attractive forces between particles, eventually
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increasing the viscosity of LCPT (Elakneswaran et al. 2009; Haiqiang et al. 2016). This proposition
is further supported through experimental zeta potential measurements given in Fig. 10. According
to the zeta potential graph, the LCPT containing 45% pyrite content (LCPT-ST- PC 45%) has a zeta
potential of — 18 mV as opposed to a zeta potential of about — 32 mV for the samples without pyrite
(LCPT-ST-PC-0%). This lower absolute value of zeta potential suggests diminished particle
repulsion, resulting in increased cohesion and thickening of LCPT with higher pyrite content, hence

increased viscosity (Plank and Hirsch 2007; Zingg et al. 2008).
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Figure 10: Zeta potential of LCPT samples with different pyrite content

The zeta potential results align well with the pH results given in Fig. 11. The pH of bulk
solutions is a major factor that influences zeta potential. pH of a solution is known to facilitate/hinder
the adsorption of ions to LCPT mixtures containing pyrite (Elakneswaran et al. 2009; Hunter 2013).
Therefore, the changes in pH values with curing time indicate that higher pyrite contents result in a

lower pH.
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The zeta potential results are further supported by pH results given in Figure 3.11. because
the pH of bulk solutions is a major factor that influences zeta potential. pH of a solution is known to
facilitate/hinder the adsorption of ions to LCPT mixtures containing pyrite (Elakneswaran et al.,
2009; Hunter, 2013). Therefore, the changes in pH values with curing time indicate that higher pyrite

contents result in a lower pH.
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Figure 11: Time-dependent pH of LCPT samples with different pyrite contents

As shown in Fig. 9, the viscosity results are also seen to exhibit a second trend of decreasing
with increasing curing time. This notable trend could be due to chemical reactions leading to
ettringite formation and microstructural changes. As previously explained, the generation of
ettringite retards the process of cement hydration, resulting in fewer cement hydration byproducts in
samples containing pyrite. This reduction in cement hydration byproducts corresponds to a decrease
in the solid volume ratio within the LCPT material. A lower solid volume ratio diminishes the

likelihood of neighbouring particles colliding, consequently increasing the space between solid
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particles, and reducing the attractive forces among them (Saleh Ahari et al. 2015). Essentially,
particle interaction is reduced, leading to a less dense microstructure in the LCPT, which, in turn,
lowers its viscosity as curing time progresses (Bian et al. 2021). This assertion is validated by the
DT/DTG (Fig. 12) and XRD (Fig. 13) results, which show that the presence of pyrite content forms
more ettringite in the LCPT matrix. Based on the DTG curve shown in Fig. 12, it is evident that the
sample containing 50% pyrite exhibits a more pronounced peak in the 100-200 °C temperature range
and a smaller peak in the 400—500 °C range. As previously mentioned, the weight loss within these
temperature intervals is associated with the dehydration of hydration products, such as C-S—H

gel and ettringite at the lower range, and calcium hydroxide (CH) at the higher range. The presence
of pyrite leads to a rapid reaction between SO42— ions and C3A, resulting in a significant amount of
ettringite, which is reflected in the initial peak. As a result, the formation of ettringite hinders the
typical hydration process responsible for generating CH, leading to a reduced second peak. Thus, it
is evident that the samples with 50% pyrite contain fewer hydration products compared to the
samples without pyrite, thereby supporting the assertion that pyrite inhibits binder hydration. In other
words, these results validate the previous assertion that the formation of ettringite and less hydration
products in samples with pyrite leads to less cohesion and interparticle forces which in turn leads to

the noticed decrease in viscosity as curing time progresses.
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Figure 13: Plotted XRD patterns for LCPT with 0% and 50% pyrite contents.

3.4.3 COUPLED EFFECT OF BINDER TYPE AND PYRITE ON THE YIELD STRESS AND
VISCOSITY OF LIGHTLY CEMENTED PASTE TAILINGS

Ordinary Portland cement is widely utilized as a binder in paste tailings technology
because it is readily available in numerous parts of the world. However, Portland cement is not only
costly, but its production contributes to a significant release of greenhouse gases. Portland cement
production accounts for 5-8% of global man-made CO; emissions (Damtoft et al. 2008). Thus, to
reduce the cost of cemented paste technology and improve the carbon footprint of mining operations,

many mines aim to partially or totally replace Portland cement with a low-carbon binder. An
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approach to this is to partially replace Portland cement with slag in LCPT. However, the coupled
effect of the partial replacement of Portland with slag on the rheological properties of LCPT with
pyrite is unknown. Thus, this section aims to study the coupled effect of binder type and pyrite on
the rheological properties of LCPT. To investigate this, two binder types namely 100% PCI and a
blended binder containing 50% PCI and 50% SLAG were used in the LCPT mixes with different
pyrite contents (0% and 45%). Samples with 100% PCI included LCPT-ST-PC-0% and LCPT- ST-
PC-45%, while samples with blended binders included LCPT-ST-SG-0% and LCPT-ST-SG-45%.

The time-dependent yield stress and viscosity results are shown in Fig. 14. From this figure, it can
be concluded that aside from pyrite content, the binder type also notably influences the yield stress
and viscosity of LCPT mixtures for surface paste disposal. Both samples prepared with 100% PCI
and blended binders are seen to increase in yield stress with increasing pyrite content as time
progresses. The mechanisms responsible for the increase due to pyrite content were explained in the
previous section. However, samples with blended binders were also seen to have lower yield stress
compared to samples prepared with 100% PCI. More specifically, in the LCPT-ST-PC-45% sample
mix prepared with 100% PCI, yield stress is seen to increase from 230 to 280 Pa, while LCPT-ST-
SG-45%, which was prepared with blended binders and the same pyrite content as LCPT-ST- PC-
45% had an increasing yield stress of 72 to 108 Pa. A similar trend is also noticed in viscosity results.
Samples with blended binders containing Slag are seen to decrease in viscosity compared to samples
with 100% PCI. For instance, LCPT-SG-45% is seen to have an initial viscosity of 2.54 Pa while

LCPT-PC-45% reported an initial viscosity of 5.99 Pa.




Chapter 3. Technical Paper I

LCPT-ST-PC-0 %
440
LCPT-ST-PC-45 %

LCPT-ST-SG-0 %

——
——

390

—

LCPT-ST-SG-45 %

340

290

240

190

YIELD STRESS (Pa)

140

90

VISCOSITY (Pa.s)

20 60 120
TIME (Mins)

a) Yield stress

LCPT-ST-PC-0 %
=@==LCPT-ST-PC-45 %
==@==LCPT-ST-SG-0 %
=@ LCPT-ST-SG-45 %

20 60 120
Time (Mins)

b) Viscosity
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The primary reason for the reduced yield stress and viscosity in LCPT-containing blended
binder is due to the pozzolanic nature of Slag. Slag is a pozzolanic binder, that needs to be activated
by an activator to start generating hydration products. Hence, Slag is usually activated in an alkaline
environment (e.g., calcium hydroxide) and cannot react with water alone (Pokharel and Fall 2011;
Xue et al. 2018; Jiang et al. 2019). In the Portland cement-slag system of this study, Slag reacts
pozzolanically with calcium hydroxide (CH), a product formed during the hydration of PCI. This
leads to a delayed formation of hydration products in blended binder mixtures compared to mixtures
with 100% PCI. In simpler terms, LCPTs with blended binders with slag will have fewer hydration
products than those composed solely of Portland cement. As hydration products play a crucial role
in binding tailings particles together, resulting in a denser matrix, the inter-particle frictional
resistance and solid volume fraction in the 100%PCI-LCPT samples will be notably enhanced.
Consequently, this increase in interparticle bonding enhances the stress and viscosity of the 100%
PCI-LCPT samples (Xiao et al. 2020). This assertion is experimentally supported by DT/DTG and
XRD results in Figs. 15 and 16. Figure 15 depicts TG/DTG diagrams for samples containing
PCI/Slag (50/50) and 100%PCI. The initial peak around 80-110 °C signifies the dehydration
reactions of specific hydrates such as C—-S—-H, carboaluminates, ettringites, and gypsum.
Subsequently, a peak at 400—-500 °C indicates the de-hydroxylation of calcium hydroxide, while a
third peak between 650 °C and 750 °C corresponds to the decomposition of calcite. Comparing the
TG/DTG graphs of these different binders reveals increased hydration product levels at early ages
when 100% PCI serves as the binder. These findings align closely with XRD results (Fig. 16). These
results indicate a higher content of hydration products (e.g., CH, C-S—H, ettringite) in the 100% PCI
sample compared to the blended binder. Indeed, the intensity of the primary hydration products, such
as CH, ettringite, and C-S—H, is greater in the 100% PCI binder. This suggests that the 100% PCI-

LCPT samples contain more hydration products.

105



\ & Chapter 3. Technical Paper |
/ NN

4.99

TG- 50:50 PCI:SG
— = -TG- 100 PCI
DTG-50:50 PCI:SG
= = -DTG- 100 PCI

3.99

* '\(\
N\, N\, <
AR " ' X
8 O \\ “o\&//i//// 299 .
= W &7 =
g : NN 50
= - S \‘,},}./,Q o .(/ ‘ ()
80 < N\ S =
= \ \¢ :
N 2
75 g
70
65
60 \
Temperature (°C)
Figure 15: Plotted TG/DTG patterns of LCPT made of 100Y3C (100 PCI) an
(50:50).
7000
6000
C,5,C3S
5000
Ettringite
54000
% caco, | CalOH), &S
E?,mo Ettringite ‘ csH
- Ettringite Ettringite v
2000 ‘ l ‘ Ca(OH),
i Gypsun Cai(OH)z ‘
1000 J \' v s
: ol WS R
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Degree 2-Theta-Cu Ka Radiation

a). 100%PCI

11C



Chapter 3. Technical Paper I

b) 50/50 PCI-5LAG

g CalOH),
< 1000 |
E

2 Quartz
E 3000 | CS5H Ettrilngile CEI?H}I

000 CalOH), .CH I C:5

5 10 15 20 25 30 35 40 45 50 55 60 05 70 FE] BO
Degree 2- Theta- Cu Ka Radiation

b). 50/50 PCI-SLAG
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3.5 SUMMARY AND CONCLUSIONS

The time-dependent yield stress and viscosity of uncemented paste tailings (UPT) and lightly
cemented paste tailings (LCPT) with different pyrite contents, cured over different times of 0, 20,
60, and 120 min under room temperature conditions, were studied in this paper. The following

conclusions from this study are summarized below.

1. Pyrite minerals significantly influence the rheological properties of both LCPT and UPT. The
effect of pyrite on rheological properties increases with increasing pyrite content. Hence, this
factor should be taken into consideration in surface paste disposal to ensure the successful

application of PT technology for pyrite-bearing tailings.
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2. Rheological properties such as yield stress and viscosity of LCPT and UPT mixtures, with or
without pyrite, are time-dependent. Yield stress generally increases over time as pyrite content

increases, while viscosity increases with increasing pyrite content but decreases over time.

3.A higher concentration of pyrite solids can lead to several microstructural or chemical
alterations in fresh LCPT, such as slowing down the cement hydration process or modifying

the repulsive interactions between particles.

4. The experimental findings indicate that as curing time increases, pyrite can hinder the hydration

process due to chemical interactions that result in the formation of ettringite crystals.

5.The experimental findings from this study indicate that the type of binder used, specifically
Portland cement type I (PCI) and ground furnace slag (Slag), plays a crucial role in influencing
the rheological characteristics of pyrite- containing LCPT. In particular, the samples composed
entirely of PCI exhibited higher yield stress and viscosity than those in which 50% of the PCI

was substituted with Slag.

This study concludes that pyrite content is a crucial factor to consider for the cost-effective and
successful transportation and implementation of LCPTs and UPTs made of pyrite-bearing tailings.
However, the scope of this research was limited to specific binder types and silica-based tailings,
potentially excluding other combinations that might influence the rheological behaviour of LCPTs
and UPTs. To build on these findings, future research should (i) explore the use of alternative binders
or binder additives that enhance sustainability and reduce greenhouse gas emissions while
maintaining optimal rheological properties, and (ii) expand the investigation to include a wider range
of natural tailings with diverse chemical compositions to validate the results under varied field

scenarios.
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4.1 ABSTRACT

Iron sulphide minerals, particularly pyrite (FeS2), found in mine waste pose significant
challenges to the global mining industry due to their chemical reactivity and potential to cause acid
rock drainage (ARD). Cemented paste backfill (CPB) has emerged as an innovative technique to
mitigate these environmental issues while providing structural support in underground mining
operations. However, the rheological behaviour of CPB containing pyrite-bearing tailings and the
effects of utilizing blended binders remain insufficiently understood. This research investigates the
evolution of yield stress and viscosity over time in CPB with varying pyrite content (0%, 5%, 15%,
45%) and different binder types (PCI (100), PCI/SLAG (50:50)). Samples were prepared and

analyzed over curing times of 0, 20, 60, and 120 minutes. Additional tests, including electrical
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conductivity, pH, zeta potential, thermal, and microstructural analyses, were performed to confirm
the validity of the experimental results. The findings reveal that pyrite content significantly impacts
the rheological properties of CPB, with both yield stress and viscosity increasing with increasing
pyrite levels. Moreover, the results also show that incorporating pyrite-bearing tailings with blended
binder reduced yield stress and viscosity compared to 100% PCI samples. These findings highlight
that optimizing CPB flowability requires a careful analysis of pyrite content and binder type, which

is vital for successful underground tailings management and mining operations.

Keywords: Cemented paste backfill, Pyrite, Tailings, Mine, Yield stress, Viscosity, Rheology.
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4.2 INTRODUCTION

Iron sulphide minerals such as pyrite (FeS:2) exhibit high reactivity as accessory minerals in
mining environments (Agboola et al., 2020). They often coexist with economically valuable minerals
like gold, copper and lead (Deditius et al., 2011; Large et al., 2009; Hofstra and Cline, 2000; Reich
etal., 2013), and their presence in ore deposits and subsequently in mine tailings remains a significant
challenge for the global mining sector (Ohlander et al., 2012). This challenge arises from the
ambiguities associated with the disposal of pyrite-containing tailings, especially when using
conventional methods. Such methods generally increase the propensity of pyrite-bearing tailings to
undergo oxidation as tailings are typically stored in open storage facilities without additional
treatment or stabilization. This exposure facilitates extensive interaction of tailings with air and
water, leading to oxidative reactions that can result in ARD. The resulting ARD poses severe
environmental risks and incurs environmental liabilities for mining companies (Kumari et al., 2010).

The risks and consequences, as well as the negative public perception associated with the
conventional disposal of pyrite-bearing tailings, have prompted the mining industry to adopt new
techniques for the management of ARD (Alakangas et al., 2013; Fall et al., 2009). Amongst these
techniques, cemented paste backfilling (CPB) stands out as the most advantageous technology for
managing pyrite-bearing tailings. CPB is an innovative mine waste management technique that aims
to mitigate geotechnical and environmental problems arising from mining operations. This is
achieved by depositing mine wastes (tailings) into excavated mine cavities, thereby providing
structural support for the roofs of underground stopes, while also simultaneously reducing
voluminous mine wastes and acidic mine discharges (Fall et al., 2009; Qi et al., 2018; Ma et al.,
2021, Cui and Fall., 2016). Furthermore, CPB can also enhance mineral recovery, boost mine
production rates, eliminate the need for drainage construction and extend the overall service of the

mine (Fall et al., 2008; Kesimal et al., 2005; Hassani and Archibald, 1998).
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CPB is a cement-based mixture comprising 70-85% dewatered tailings by weight, a binding
agent (usually ordinary Portland cement between 2% to 7% by total weight), and water (either fresh
and/or mine processed) (Alakangas et al., 2013; Fall et al., 2008; Yilmaz, 2010). The components of
CPB are usually prepared on the mine surface and transported to underground cavities either through
gravity flow or by pumping. Consequently, the transportability/flowability of fresh CPB is a vital
parameter and a key engineering design criterion for the successful implementation of cemented
paste backfilling (Yilmaz, 2010; Hassani et al., 2001). However, its rheological properties,
particularly when using pyrite-bearing tailings, are not well understood, as it is presumed that the
incorporation of highly reactive pyrite tailings may introduce a new set of challenges that may alter
the flow behaviour of CPB.

One primary challenge is the possibility that adding pyrite-bearing tailings to CPB mixtures
might alter the flow behaviour of CPB, consequently leading to increased operational costs. This
issue is particularly significant in underground tailings management, especially for mines operating
at greater depths. Given the known fact that transporting CPB over long distances to reach deeper
mine cavities inherently takes more time and considering that the integral components of CPB
include water and binder, it is presumed that the presence of highly reactive pyrite-bearing tailings
in CPB mixtures might affect the hydration reactions during long-distance transportation into mine
cavities, thereby resulting into changes in CPB properties that may cause premature solidification
and stiffening of CPB (Wu et al., 2013; Wang et al., 2016). Consequently, this might reduce
the flowability of CPB, and cause blockage of pipe systems, ultimately increasing the operational
costs of the cemented paste backfilling process. Despite the significance of understanding how pyrite
content influences the flowability/transportability of CPB for underground paste tailings disposal, a

comprehensive research study addressing this knowledge gap is currently lacking in literature.
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Hence, there is a pressing need for further investigation into this area to facilitate more informed
decision-making and optimize cemented paste backfilling practices in mining operations.

Another notable challenge presumed to emerge is the alteration of CPB properties due to the
synergistic effect of incorporating pyrite-bearing tailings with partially blended PCI binders.
Generally, Portland cement is the most commonly used binding material in CPB because of its
availability, versality, ability to improve the compressive strength and structural integrity of the
backfill materials. However, when used as the sole cementitious component, PCI contributes to over
70% of the overall CPB cost, thereby reducing the economic viability of the cemented paste
backfilling method. Furthermore, the manufacturing process of PCI consumes a large amount of
energy and is linked to substantial environmental pollution, leading to significantly high CO»
emissions (Tayeh et al., 2020). Numerous studies have highlighted the unsustainable nature of
relying solely on PCI, as each ton of production generates about 0.85 -1.12 tons of COz, thereby
contributing to approximately 5-8% of global CO2 emissions (Wang et al., 2016; Cao et al., 2018;
Qiu et al., 2019). Hence, scientific findings have reported that using low-carbon and cost-effective
binders like slag as partial substitutes for PCI can aid in reducing the carbon footprint associated
with the use of PCI in CPB (Zhao et al., 2021). However, the potential flowability issues that may
arise when utilizing pyrite tailings in CPB mixtures with these blended binders remain unknown.
Consequently, there is a gap in existing literature that needs further investigation into this aspect to
comprehensively understand the implications of using blended binders in conjunction with pyrite-
bearing tailings in CPB.

The flow behaviour and transportability of CPB are determined by its rheological
properties, particularly its yield stress and viscosity. In rheology, yield stress is the threshold shear
stress required to induce the flow of fresh CPB (Simon and Grabinsky, 2013), while viscosity

quantifies the material’s resistance to shear deformation or its impediment to flow (Akbar et al.,
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2009). Both parameters are important indicators of the cohesive forces between particles in fresh
CPB, which serves as a critical factor for pump selection, as well as for evaluating flow stability and
energy dissipation (Xiapeng et al., 2019).

Previous studies on CPB rheology (Dzuy and Boger, 1985; Penner and Lagaly, 2001; Park
et al., 2005; Simon and Grabinsky, 2013; Haiqiang et al., 2016) have demonstrated that the yield
stress and viscosity are influenced by several factors. These include curing temperature (Wu et al.,
2013; Haiqiang et al., 2016), the presence of chemical additives (Simon and Grabinsky, 2013; Jiang
et al., 2017), progression of binder hydration and its products, as well as the physical and chemical
characteristics of the tailings (Huynh et al., 2006; Simon and Grabinsky, 2013; Wu et al., 2013; Hot
et al., 2014). Unfortunately, there is still a lack of studies that have focused on understanding how
the pyrite content in tailings alters/impacts the time-dependent rheology of paste tailings for
underground tailings management or the complications in CPB operation that may arise when using
blended binders in conjunction with high pyrite content tailings. This study, therefore, examines the
effects of pyrite content and blended binders on the evolution of yield stress and viscosity in CPB

for underground tailings management.
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4.3 EXPERIMENTAL PROGRAM
4.3.1 MATERIALS USED
4.3.1.1 TAILINGS

Synthetic pure high-purity silica tailings (ST), composed of 99.8% quartz (a mineral
predominant in tailings from hard rock mines in Canada) sourced from U.S. Silica Co., were used as
the main PT components in this mixture. Compared to natural tailings (NT), ST are non-reactive and
do not generate acid, providing better control over uncertainties associated with reactive elements
present in NT. Figure 1 illustrates the grain size distribution of ST and compares it with the average
grain size distribution of tailings from nine different Canadian mines. The physical and mineralogical
characteristics of ST are given in Tables 1 and 2, respectively.

Table 1: Physical characteristics of Silica tailings utilized.

ELEMENT Gs(nm) Dio(pm) D3o(pm) Dso(pum) Deo(pm)
ST 2.7 1.9 9.0 22.5 315
Average of 9 types - 1.8 9.1 20.0 30.8
of tailings

Gs: specific gravity; Ss: specific surface area

Table 2 Mineralogical composition of Silica tailings utilized.

MINERAL
TAILINGS
= 2 g £ 2 £ 2 o = o 2 —
(Wt.%) = E 5o B = 2 E C 2 £ 2 g
& = ° 5 = E £ F E & S =
a 5 s &
ST 99.8 - - - - - - - 0.2 100

ST: Silica tailings; wt.: weight.
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Figure 1: Grain size distribution of utilized Silica tailings compared to the average tailings
from nine Canadian mines.

4.3.1.2 BINDER

This research utilized, Type I Portland cement (PCI), the most widely used binder in CPB
mixtures, as the primary binding material. Granulated ground blast furnace slag (SG), a mineral
byproduct, was included in selected CPB mixtures to partially replace PCI. The adoption of blended
binders is considered as a more economical option due to the high cost of PCI. Moreover, substituting
PCI with SG contributes to reducing the carbon footprint of the CPB technology. The ratio of PCI to
SG in this investigation was 50/50 by weight. The physical and chemical composition of PCI and

SG are outlined in Table 3.
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Table 3 Physical and chemical composition of PCI and SG powders.

Specific
Na:0 MgO  ALOs; SiO: K>O0 CaO TiOz MnO Fe:03 LOI  Relative surface area
density  (cm%/g)

PCI 0.341 2.577  4.808 20375 0.962 62.700 0.225 0.054 3.609 2.162 3.2 1300
Slag 0.284 11.782  10.595 35.572 0478 39.212 0467 0.298 0.621 0.388 2.8 2100
4.3.1.3 PYRITE

Pyrite powder (FeS2, M.W. = 119.98) sourced from Washington Mills North Grafton, Inc.
was utilized in this research. This pyrite powder has a particle size comparable to that of pyrite
minerals typically present in natural tailings. The pyrite powder was combined with ST, PC, and SG
to form pyrite-containing tailings mixtures (CPB-ST-PC and CPB-ST-SG) with pyrite content levels
of 0, 5, 15, and 45 wt.%. The physical properties of the pyrite used in this research are detailed in

Table 4.

Table 4: Physical and Chemical properties of pyrite.

BULK DENSITY DENSITY AT 20 SP. PH MELTING

(g/cm?) °C (g/cm?) GRAVITY POINT

2.35 477 4.6 4.0- 1193
6.0

Sp: specific.

4.3.1.4 MIXING WATER

All tailings and binder mixtures in this study were prepared using tap water. A water-to-

binder (w/b) ratio of 7.8 was utilized for the preparation of all specimens.
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4.3.2 SPECIMEN PREPARATION AND MIX PROPORTIONS

The CPB samples analyzed in this research study (CPB-ST-PC and CPB-ST-SG) were
prepared according to the procedure detailed in Table 5. Silica tailings, pyrite, and binders were
precisely weighed and mixed for 5 mins using a mechanical mixer at a constant mixing speed at
room temperature. The pre-measured amount of tap water was then introduced into the mixture, and
the blending continued for an additional 5 minutes to ensure a uniform paste and transferred to plastic
cylindrical moulds with a diameter of 10 cm and height of 20 cm and cured according to the plan in

Table 5. In the present study, samples were cured for 0,20,60 and 120 mins.

Table S: Experimental design for rheological tests for CPB samples

SAMPLE NAME TAILINGS BINDER BINDER PYRITE VOL. CURING
TYPE TYPE CONTENT CONTENT W/VOL. B TIME (min)
v1%) (W%) RATIO

CPB-ST-PC-0 ST +PY PCI 4.5 0 7.8 0, 20, 60, 120
CPB-ST-PC-5 ST +PY PCI 4.5 5 7.8 0, 20, 60, 120
CPB-ST-PC-15 ST +PY PCI 4.5 15 7.8 0, 20, 60, 120
CPB-ST-PC-45 ST +PY PCI 4.5 45 7.8 0, 20, 60, 120
CPB-ST-SG-0 ST +PY PCI/SG(50/50) 4.5 0 7.8 0, 20, 60, 120
CPB-ST-SG- 15 ST +PY PCI/SG(50/50) 4.5 15 7.8 0, 20, 60, 120
CPB-ST-SG-45 ST +PY PCI/SG(50/50) 4.5 45 7.8 0, 20, 60, 120

V%- Volume percentage; W%- Weight percentage; Vol.w/Vol.b- Volume of binder/Volume of water ratio; SG: slag; PY:

pyrite; ST: silica tailings.

4.3.3 TEST METHODS

4.3.3.1 VISCOSITY TEST

Viscosity measurements for all samples were conducted using the Brookfield digital

viscometer (DV-E model) manufactured by Brookfield Engineering Laboratories Inc. Each

measurement was repeated at least in two trials, and the average was taken in this study.
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4.3.3.2 YIELD STRESS

The Wykeham-Ferrance laboratory vane shear apparatus was used to assess the yield stress
of each mixture following the guidelines outlined in the ASTM D4648/D4648M-16. This instrument
determines the fluid's viscosity at specific shear rates by rotating a spindle at a constant speed with
the help of a calibrated spring. Viscosity is measured by detecting the resistance of the fluid against
the spindle using a rotary transducer, which generates a torque signal that is interpreted as a spring
deflection (Brookfield, 2016). The selection of spindles depends on the viscosity range of the sample
being tested. In this study, an RV6 spindle was used as recommended in the manual. To prevent air
entrapment, the spindle was carefully placed into the sample. The viscometer was then activated, and
the reading was allowed to stabilize before recording at a fixed speed of 50 rpm for one minute. Each

test was repeated at least twice to ensure repeatability of results.

4.3.3.3 ELECTRICAL CONDUCTIVITY MONITORING

To better understand the mechanisms driving changes in the rheological behaviour of the
samples, a TEROS-12 sensor, with a measurement precision of +5, was utilized to measure the
electrical conductivity (EC) of each mix sample (MMM Tech, n.d). The variation in EC serves as an
indicator of ion mobility resulting from chemical reactions and water content within the CPB. This
parameter is valuable for evaluating the progress of cement hydration (Tamas et al., 1987; McCarter
and Curran, 1984; Aschan, 1966) and monitoring structural changes in hydrating cementitious
systems (Courard et al., 2014). For EC measurement, the TEROS-12 sensor, designed to apply an
alternating electrical current across its two electrodes and determine resistance, was placed inside a
cylindrical plastic container (10 cm in diameter and 20 cm in height) filled with CPB. Readings were
recorded every minute for a total duration of 6 hours.All measurement data were collected and stored

using the Em50 data logger manufactured by Decagon Devices, Inc.
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4.3.3.4 pH AND ZETA POTENTIAL MEASUREMENTS

The surface chemical characteristics of particles play a crucial role in determining the
rheological behaviour of suspensions (e.g., Leong and Boger 1990, Bradley et al. 1991, and Johnson
et al. 2000). In this research, the pH and zeta potential (ZP) of CPB samples were analyzed to
determine the surface chemical properties of the particles. The pH levels were measured using an
Oakton pH 6+ meter, with a measurement accuracy of +£0.01 (Oakton, n.d). To ensure data reliability,
at least two measurements were taken, and the average values were reported. Zeta potential analysis
was performed using the Malvern Zetasizer Nano series, which determines electrophoretic mobility
in suspensions via phase analysis light scattering (PALS). The zeta potential values were calculated
based on the Henry equation (Clogston and Patri, 2011). For accuracy, each ZP test was conducted

at least three times per sample, and the average results were documented.

4.3.3.5 MICROSTRUCTURAL ANALYSIS

To gain deeper insights into the microstructural characteristics and binder hydration progress
of the tested materials, as well as their influence on the rheological behaviour of the studied paste
tailings, thermal gravimetry (TG), differential thermal gravimetry (DTG), and x-ray diffraction
(XRD) analyses were conducted on the CPB cement paste samples. These methods assess
microstructural attributes and transformations within the CPB. The samples were first prepared and
cured for 20-60 minutes, after which they were oven-dried at 45 °C for four days to remove any free
water. Once the mass stabilized, the samples were ground into a fine powder for microstructural

evaluation.
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4.4 RESULTS AND DISCUSSION
4.4.1 EFFECT OF PYRITE CONTENT ON THE RHEOLOGICAL PROPERTIES OF CPB

To assess how the pyrite content in tailings influences the flowability and transportability
of CPB, the progression of yield stress and viscosity over time were analyzed, with the findings

illustrated in Figures 2a and 2b.
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a) Yield stress
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Figure 2: Time-dependent evolution of yield stress (2a) and viscosity (2b) of CPB mixtures with

different pyrite contents.

These figures show there was a significant uptrend in both yield stress (Fig. 2a) and viscosity
(Fig. 2b) in all CPB mixtures as the curing time progressed, regardless of the presence or absence of
pyrite. Figure 2 also shows that the pyrite content significantly altered the flow properties of CPB,
irrespective of CPB age. The CPB mixtures without pyrite content (CPB-ST-PC-0%) had a much
lower initial yield stress of 35.9 Pa compared to other samples (Fig. 2a). However, as the pyrite
content gradually increased from 5% to 45%, the initial yield stress was seen to increase from 93.5
Pa (CPB-ST-PC-5%, i.e. CPB with 5% pyrite content) to 201.4 Pa (CPB-ST-PC-45%, CPB with

45% pyrite content), and this trend was seen to increase as curing time increased in all mixtures.
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More specifically, at a curing time of 120 minutes, the yield stress of CPB-ST-PC-5% had a final
yield stress of 201Pa, while the yield stress of CPB-ST-PC-45% was at 280.6 Pa. The viscosity
results are also similar to yield stress results, as viscosity was seen to also increase with increasing
pyrite content (Figure 2b). The sample without pyrite (CPB-ST-PC-0%) was seen to have the lowest
initial viscosity of 1.69 Pa.s, while the samples with the highest pyrite content (CPB-ST-PC-45%)
had the highest initial viscosity of 6.9 Pa. Similar to yield stress results, viscosity was also seen to
increase as time progressed. Hence, the results suggest two key conclusions: 1) the rheological
properties of CPB increase with increasing pyrite content, and 2) the rheological properties of CPB

increase as time progresses. The mechanisms responsible for these changes are discussed below.

1) The rheological parameters of CPB increase with increasing pyrite content.

The observed increase in both yield stress and viscosity with increasing pyrite content in the
CPBs can be ascribed to the unique characteristics of pyrite minerals to alter/modify the material
properties of CPB. Pyrite, being a sulphide mineral is composed of iron and sulphur, hence, it
possesses distinct physical and chemical properties that can impact the overall composition of CPB
thereby causing changes in its rheological behaviour. One such physical property is the physical
nature of pyrite to be denser (specific gravity of pyrite = 4.6; Table 4) than other components of the
CPB mixture (specific gravity of the quartz = 2.7; Table 1). So, the introduction of highly dense
pyrite is likely to modify the arrangement of particles in the mixture and encourage a more tightly
packed structure. Therefore, as pyrite is incorporated into the CPB mix and its content increases from
5% to 45%, it contributes to a more complex and interconnected network within the CPB, leading to
higher overall density and specific gravity, which causes higher resistance to deformation (yield

stress) and increase in internal friction (viscosity).
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In addition to the previously discussed physical properties, another factor that
contributes to the elevated change in rheological behaviour caused by an increase in pyrite content
can be attributed to alterations in the chemical properties of CPB due to pyrite’s ability to undergo
oxidative reactions. When pyrite undergoes oxidation, it produces various by-products, including
sulfuric acid (H2SOs4). These chemical transformations lead to acid generation, which contributes to
a decrease in pH within CPB. Decreased pH levels can affect the charged state of particles and their
interactions, which may influence the material's viscosity and flow behaviour. Furthermore, the
generation of sulfuric acid may also influence the surface charge of particles in the material. These
changes in surface charge can alter the electrostatic interactions between particles, thereby affecting
their dispersion and aggregation, resulting in elevated levels of yield stress and viscosity. This
assertion is further proven experimentally through pH and Zeta potential test results depicted in
Figures 3 and 4, respectively.

Based on the results given in Figure 3, a significant shift towards a more acidic
condition with increasing pyrite content is noticed. Specifically, as evidenced in Figure 3, the sample
without pyrite (CPB-ST-PC-0) is seen to record an initial pH of 11.56; however, with the gradual
increase in pyrite content from 5% to 45%, the pH level is seen to decrease drastically in the pyrite
containing samples. Specifically, CPB-ST-PC-5% exhibits an initial pH of 11.29, CPB-ST-PC-15%
displays an initial pH of 9.63, and CPB-ST-PC-45% shows the most substantial decrease with an

initial pH of 5.86.
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Figure 3: pH of CPB samples with different pyrite content

The pH results given in Figure 3 agree with the results of zeta potential tests shown in Figure
4. Zeta potential serves as a quantitative measure of particle surface charge, with higher values
indicating greater ion concentration on particle surfaces (Huynh et al., 2006; Elakneswaran et al.,
2009; Hunter, 2013; Haiqiang et al., 2016). This parameter is closely linked with the strength of
electrostatic repulsive forces, where a high negative or positive zeta potential leads to particle
repulsion, thus reducing their cohesion (Plank and Hirsch, 2007; Zingg et al., 2008). Based on the
results in Figure 4, zeta potential absolute values decreased from 28.4 mV in the sample with no
pyrite (CPB-ST-PC-0%) to 24.9 mV in the sample with the highest pyrite content (CPB-ST-PC-
45%). These results indicate that increased pyrite content decreases the repulsive forces between
particles in CPB. Consequently, this causes particles to aggregate, leading to an increase in viscosity

(Divet and Randriambololona 1998, Zingg et al. 2008, Elakneswaran et al. 2009). Hence, the changes
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in pH and zeta potential can enhance cohesion and particle interactions, potentially leading to higher

yield stress (Xiapeng et al., 2019; Nachbaur et al., 1998).
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Figure 4: Zeta potential of UPT samples with different pyrite content

2) The rheological parameters of CPB increases as time progresses.

Another trend deduced from the yield stress and viscosity results given in Figure 2 is that
rheological properties of each CPB mixture increases as curing time progresses irrespective of the
presence or absence of pyrite. This observed trend is attributed to the advancement of the hydration
of cement, leading to the formation of hydration products (Haiqiang et al., 2017). Generally, when
water is added to cementitious materials, a chemical reaction known as hydration occurs. The cement
particles then react with water to form various hydrates, including calcium silicate hydrate (C-S-H)
gel (known to contribute to the strengthening of CPB), ettringite and calcium hydroxide (Klein and

Simon, 2006; Yin et al., 2012). As hydration progresses, additional hydration by-products are
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produced, and the formation of these hydration products increases the interparticle forces within the
paste as well as the adhesion between particles. This in turn leads to an increase in the yield stress
and viscosity of CPB in samples with and without pyrite materials.

However, in the samples with pyrite content, there’s a notable impact of pyrite on the time-
dependent yield stress and viscosity development. The samples with pyrite show a consistent trend
of lower final yield stress value compared with samples without pyrite content. For example, the
sample with 0% pyrite recorded a final yield stress value of 302 Pa while the final yield stress value
noticed in samples with pyrite content include 280 Pa (for the 45% pyrite sample), 244 Pa (for the
15% pyrite sample) and 194 Pa (for the 5% pyrite sample). The lower final yield stress value in
pyrite-containing samples is due to the delay and inhibition of the cement hydration reaction caused
by pyrite.

This inhibition, which produces fewer hydration products, is caused by the formation of
ettringite, a hydrated mineral formed through the reaction between sulfate and tricalcium aluminate
(CsA). C5A exhibits a rapid reaction with sulfate ions, leading to the creation of ettringite when
dissolved in a solution. Subsequently, ettringite envelops the surfaces of unhydrated cement
particles, thereby impeding further reactions (Pye and Schiavon, 1989; Prince et al., 2003; Lawrence,
1990; Fall and Benzaazoua, 2005; Zingg et al., 2009; Pokharel and Fall, 2013). The presence of
pyrite leads to fewer formation of cement hydration products, such as C—S—H gel and CH, which
reduces particle cohesion and subsequently lowers the final yield stress of the CPB. This trend is
reflected in the EC measurements in Figure 5, where the EC of CPB without pyrite reaches a
maximum of 4.67 mS/cm at 4 hours, but the EC of CPB with pyrite fails to reach its peak even after
5 hours. This shows that the sample without pyrite reaches its peak in a shorter time compared to
pyrite-containing, which confirms that the presence of pyrite can delay the progression of the

hydration reaction. Figure 5 also shows that EC values decrease with increasing pyrite content, which
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also confirms that pyrite can reduce the intensity of the hydration reaction. Hence, it is evident that

pyrite content contributes to the inhibition of the hydration of cement.
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Figure 5: Electrical conductivity progression in CPB with different quantities of pyrite.

The formation of fewer hydration products due to ettringite formation as curing time

progressed is further supported by TG/DTG (Figure 6) and XRD results (Figure 7) conducted on

cement pastes containing different pyrite content (0 and 50%). Figure 6 reveals that the maximum

weight loss occurring at temperatures between 400—450°C is greater in the sample without pyrite

(0%) than in those containing 50% pyrite. This suggests a diminished production of Calcium

Hydroxide (CH) in cement pastes with higher pyrite content. Furthermore, the X-ray diffraction

(XRD) analysis shown in Figure 7 corroborates this observation. The comparison between XRD

results for cement pastes with 0 and 50%, cured for 2 hours, indicates that elevated pyrite

concentrations over time impede the formation of hydration products. Specifically, the intensity of
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Figure 7: Plotted XRD patterns for CPB with 0% and 50% pyrite contents.
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4.4.2 EFFECT OF BINDER TYPE ON THE RHEOLOGICAL PROPERTIES OF PYRITE-
BEARING CPB

Figure 8 shows the synergistic effect of binder type (100% PCI, PCI/Slag (50/50)) and pyrite-
bearing tailings on the time-dependent evolution of yield stress (Figure 8a) and viscosity (Figure 8b)
of the CPB mixtures. To examine this, two binder types with different ratios, namely, 100% PCI and
a blended binder containing 50% PCI and 50% SLAG were used in the CPB mix. Samples with
100% PCI included CPB-ST-PC-0% and CPB-ST-PC-45%, while samples with blended binders
included CPB-ST-SG-0% and CPB-ST-SG-45%. According to the results, both pyrite content and
binder type are seen to significantly affect the rheological behaviour of CPB mixtures. The
mechanisms responsible for the increase due to increasing pyrite content have been explained in
previous sections. However, samples with PCI partially replaced with slag (PCI/Slag (50/50)) are
seen to exhibit a much lower yield stress than samples with 100% PCI. This trend is evident when
juxtaposing all 100% PCI (CPB-ST-PC-0%, and CPB-ST-PC-45%), with PCI/SLAG (50/50)
samples (CPB-ST-SG-0% and CPB-ST-SG-45%). More specifically, in the CPB-ST-PC-45%
sample, initial yield stress at time = 0 mins was recorded at 201 Pa, and as time and cement hydration
progressed, final yield stress at time = 120 mins was reported to be at 280 Pa. However, in the
PCI/Slag (50/50) samples, a drastic decrease in yield stress was recorded compared to trends
recorded in the 100% PCI samples. CPB-ST-SG-45% was initially reported at 79 Pa and finally at
178 Pa at 0 and 120 mins, respectively. Viscosity results also showed similar trends to yield stress
results as all PCI/SLAG (50/50) samples were seen to experience at least a 2X decrease in viscosity
compared to samples with 100%PCI. Specifically, the CPB-ST-PC-45% sample had an initial and
final viscosity of 6.9 and 9.6 Pa.s, while the corresponding slag-containing sample (CPB-ST-SG-

45%) had an initial and final viscosity of 3.3 and 4.9 Pa.s, respectively.
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Figure 8: Time-dependent evolution of yield stress (8a) and viscosity (8b) of CPB mixtures
containing different pyrite contents and types of binder.

144



Chapter 4. Technical Paper Il

The phenomenon responsible for these drastic decrements in the rheological properties of
PCI/SLAG (50/50) samples compared to 100% PCI samples can be principally related to the
pozzolanic nature of the slag binders. Slag, which is a residual product of the iron-smelting process,
is known to impede the reaction kinetics of cement hydration at early ages, especially when hydrated
with only water compared to PCI binders. Therefore, hydrating slag with water alone would
generally delay the hydration process and formation of hydration products. Hence, to achieve faster
rates of reaction, slag needs to be activated with an activator like, alkalis, or lime or Portlandite (CH)
produced by the hydration of PCI (Xiao et al., 2021; Pokharel and Fall, 2011; Xue et al., 2018; Jiang
et al., 2019). Therefore, the delayed hydration process caused by slag in PCI/SLAG (50/50) samples
would lead to the formation of fewer hydration products, and since hydration products are critical in
the binding process in CPB mixtures, PCI/SLAG (50/50) samples would generally exhibit a lower
density compared to 100% PCI which has higher hydration products. Consequently, this results in
the lower yield stress and viscosity values depicted in Figures 8a and 8b, respectively. This
explanation is further supported by TG/DTG and XRD results illustrated in Figures 9 and 10,
respectively. Figure 9 illustrates TG/DTG diagrams for specimens comprising PCI/Slag (50/50) and
100%PCI. The initial peak observed around 80-110°C indicates dehydration reactions involving
specific hydrates like C—S—H, carboaluminates, ettringites, and gypsum. Subsequently, a peak
appearing at 400-500°C signifies the dehydroxylation of calcium hydroxide, while a third peak
between 650°C and 750°C corresponds to calcite decomposition. A comparison of TG/DTG graphs
for these various binders reveals heightened levels of hydration products at early stages when 100%
PCI serves as the binder. These observations closely correspond with XRD results (Figure 10), which
demonstrate a higher hydrate content in samples composed solely of PCI compared to other binder

compositions. Specifically, Figure 10 shows that the C-S-H and CH intensities in the 100% PCI
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Another factor contributing to the noted decrease in rheological properties in the PCI/SLAG
(50/50) samples can be changes in electrostatic forces and van der Waals forces in the samples
containing slag caused by the introduction of slag into CPB mixtures. According to previous studies
(e.g., Elakneswaran et al., 2009; Haigiang et al., 2016), the introduction of slag will introduce new
chemical components to the CPB-SLAG system. Thus, contributing to changes in the chemical
composition, surface charge and physical characteristics that can influence electrostatic and van der
Waals. This assertion is validated using zeta potential results given in Figure 11. It is evident that
CPB with 100% PCI binder (CPB-ST-PC 45%) records a zeta potential of -24.9 mV, while the
samples incorporating blended binders (CPB-ST-SG-45%) record a zeta potential value of
approximately -25.8 mV. Higher absolute values of zeta potential mean stronger repulsive forces,
which would result in lower yield stress and viscosity (Haigiang et al. 2016). This outcome validates
that the introduction of blended binders to CPB mixtures affects surface charges, consequently

leading to a reduction in yield stress and viscosity.

-24.4
CPB-ST-PC-45% CPB-ST-SG-45%
-24.6

-24.8

-25.2

-25.4

ZETA POTENTIAL (mV)

-25.6

-25.8

BINDER TYPE (%)

Figure 11: Zeta potential of CPB samples with different binder types at 45% pyrite content.

148



Chapter 4. Technical Paper Il

4.5 SUMMARY AND CONCLUSION

This research experimentally examined the effect of pyrite content as well as the partial
replacement of PCI binders on the time-dependent yield stress and viscosity of CPB for successful
underground tailings management and mining operations. The experiments focused on varying pyrite
content (0%, 5%, 15%, and 45%) and binder types (pure Portland cement and a blend with slag) in
the CPB mixtures. Based on the findings of this experimental study, the following conclusions can
be inferred:

1. The tailings pyrite content has a notable effect on the flowability of CPB mixtures as both
yield stress and viscosity of CPB mixtures were seen to increase drastically as pyrite content
increased. This behaviour is attributed to the high density and chemical reactivity of pyrite,
which promotes a denser particle packing and induces chemical reactions that alter the flow
behaviour of the CPB mixtures.

2. Regardless of the presence or absence of pyrite, CPB flow ability is time-dependent, and the
binder used, and its hydration products play a crucial part in the flow ability of CPB. This
trend is due to the ongoing hydration processes in the cementitious materials, which produce
hydration products that enhance interparticle cohesion and overall mixture stability.
However, the presence of pyrite slows down the hydration process, leading to lower final
yield stress and viscosity compared to pyrite-free mixtures.

3. The substitution of PCI with 50% slag in CPB samples containing pyrite produces a
synergistic effect that significantly lowers the viscosity and yield stress compared to when
100% PCI is used. This reduction is primarily due to the delayed hydration kinetics of slag
compared to PCI, resulting in fewer hydration products and, consequently, lower density and
flow resistance in the CPB. Additionally, the incorporation of slag introduces changes in

electrostatic forces within the mixture, further contributing to reduced rheological
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parameters. Hence, the incorporation of slag in pyrite-containing CPB mixtures may be a
cost-effective option.

4. The study's auxiliary tests, including pH, zeta potential, electrical conductivity, thermal
analysis (TG/DTG), and x-ray diffraction (XRD), confirm that increasing pyrite content
induces notable microstructural and chemical changes in the CPB. These changes include a
decrease in pH, alterations in surface charge, and the formation of fewer hydration products,

all of which affect the rheological behavior of the mixtures.

In conclusion, understanding the impact of pyrite content and binder type on the rheological
properties of CPB is crucial for optimizing its performance in underground mining operations. The
outcomes of this study provide valuable insights for engineers to enhance the flowability and stability
of pyrite-bearing CPB mixtures, ensuring more efficient and cost-effective pyrite-bearing tailings

management.
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5.1 ABSTRACT

The safe disposal of tailings remains one of the most pressing environmental and
geotechnical challenges in mining. Surface paste disposal systems are increasingly adopted for
their financial feasibility and alignment with environmental sustainability objectives. However,
significant knowledge gaps persist regarding system permeability especially when using pyrite
bearing uncemented paste tailings (UPT) and lightly cemented paste tailings (LCPT).
Permeability is a key environmental performance parameter and understanding how pyrite
oxidation, its sulphate by-products, and binder composition govern permeability and
microstructural evolution is critical for the effective design of paste systems to ensure long-
term durability and minimize environmental risks. This study examines the effects of pyrite
content (0-45%), initial sulphate concentration (0-25,000 ppm), and binder type (I wt.%
Portland cement, PC, and a slag—Portland cement blend, SG) on UPT and LCPT cured for 150

days at room temperature under sealed and air-dried conditions. Microstructural and physical
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changes were evaluated using X-ray diffraction (XRD), mercury intrusion porosimetry (MIP),
and physical property measurements (void ratio and dry density). Results show that in UPT
samples, permeability increased gradually with higher pyrite content, accompanied by elevated
void ratios and reduced dry densities, reflecting particle loosening and the development of open
pore networks. In LCPT, permeability remained low at <15% pyrite due to matrix densification
from cement hydration but increased sharply at 45% pyrite as sulphate ions from pyrite
oxidation reacted with cement phases to form expansive minerals (ettringite, gypsum), leading
to pore coarsening. Air-drying exacerbated this effect by accelerating pyrite oxidation and
sulphate generation. Elevated sulphate concentrations further amplified permeability,
particularly under oxygen exposure. Binder composition also played a decisive role: SG-LCPT,
while exhibiting higher baseline permeability, showed superior resistance to pyrite- and
sulphate-induced degradation. In contrast, PC-LCPT experienced more severe permeability
loss at high pyrite and sulphate levels, attributed to its higher tricalcium aluminate content and

greater portlandite availability.

Keywords: Paste tailings; mine; sustainability; permeability; pyrite; acid mine drainage;

hydraulic conductivity.
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5.2 INTRODUCTION

The mining industry is the cornerstone of many national economies due to the
substantial financial revenues generated through the extraction and exportation of valuable
resources like crude oil, gold, diamonds and iron. In resource-rich countries like Canada,
Russia, and Australia, the industry’s value chain extends beyond exportation, as mineral
resources are also leveraged to create employment opportunities, improve trade balance, and
attract significant foreign investment, which in turn fosters international trade relationships that
are vital for bolstering national economies and the well-being of their populations (Fall et 2009;
Yang et al., 2023).

The growing demand for socio-economic development in these resource-rich nations
and globally has caused a global increase in the number of operating mines as the production
chains for resources necessary for economic development are majorly dependent on mining,
which in many cases poses significant threats to environmental and public health (Watari et al.,
2023; Aguilar-Garrido et al.,, 2023). These challenges range from the production of
unsustainable amounts of mine waste (e.g., waste rock and tailings) to more destructive
challenges caused by vectors such as sulphide minerals in mine tailings (Aguilar-Garrido et al.,
2023; Grande et al., 2018). Sulphide minerals are a group of potentially toxic accessory
minerals that generally coexist with other high-valued minerals targeted by mining (Vaughan
and Lennie, 1991; Gerasimov et al., 2019; Jacobs et al., 2014). The exposure of these sulphides,
particularly pyrite mineral (FeS.), is known to cause Acid Rock Drainage (ARD), a process
where sulphide minerals in waste rock react with air and water to produce sulfuric acid, which
can further leach into surrounding aquatic and terrestrial environments. Consequently, this
harms inhabiting organisms, makes water resources unsafe for use, and threatens human health
(Dhir, 2018; Hogsden and Harding, 2012; Evans et al., 2015). Although ARD can occur

naturally, this phenomenon is more prevalent across mining sites due to increased exposure of
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sulphide minerals during mining operations (Simate and Ndlovu, 2014; Jennings et al., 2008).
Relevant statistics by Xu et al. (2020) highlighted that there are approximately 20,000 - 50,000
existing mines around the world producing ARD, and about 19,300 km? of freshwater and 720
km? of lakes and reservoirs have been contaminated with high acidity from ARD. Furthermore,
the cost of treating ARD from mines is estimated to be about $10 billion in North America,
$0.2—$5 billion in Canada, and $650 million/year in Australia (RoyChowdhury et al., 2019).
In light of the above, the mining industry is focused on addressing these challenges by
developing innovative waste management strategies that are both environmentally friendly and
cost-effective. In this context, recycling and reusing mine waste through a concept called paste
tailing (PT) technology is gaining popularity amongst resource-rich countries (Fall et al., 2008;
Fall et al., 2009) as this technology not only aligns with the concept of circular mining but also
prioritizes environmental stewardship, ensures long-term sustainability and compliance with
modern regulatory standards. Paste tailings are dense, viscous mixtures of tailings and water
that have been sufficiently dewatered to a degree that is less fluid compared to slurries
(Verburg, 1997). This dewatering process transforms the tailings state from a low-viscosity
fluid to a paste, which accelerates consolidation and enhances the stability of the deposited
stack (Brackebusch and Shillabeer, 1998). In mine waste management, PT can be applied in
surface paste disposal (SPD) in the form of uncemented paste tailings (UPT) or lightly
cemented paste tailings (LCPT). LCPT and UPT are similar in terms of composition and
preparation as they are both produced by mixing tailings with a solid percentage between 70%-
85% and water, however, LCPT mixtures contain minute quantities of binder (e.g., up to 2%)
(Deschamps et al., 2011). The application of PT for SPD offers both environmental and
operational benefits. For instance, PT technology minimizes leachate generation from tailings
due to the availability of minimal amounts of free water in deposited stacks, which

reduces/eliminates the potential impacts on receiving waters and biological receptors (Verburg,
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1997). Moreover, the densely packed nature of PT stacks further restricts the infiltration of
rainwater and snowmelt, thus decreasing seepage volume and the potential for ARD (Verburg,
1997). Another benefit of PT technology is its ability to improve efficiency by eradicating the
cost of extensive water management systems targeted at managing generated leachate (Ichrak
et al., 2016). Furthermore, the use of PT technology in arid regions is very advantageous as it
aligns well with the region’s limited water resources and helps to conserve valuable water
resources (Verburg, 1997).

While recognizing paste tailings (PT) technology as a promising strategy for mine
waste management, it is important to note that the science of PT is still not fully understood,
especially the complexities that may arise in paste geochemistry when using sulphidic tailings.
To explain better, in sulphidic PT, the primary source of sulphates is derived internally from
tailings containing 2-60% sulphides, with pyrite being the most abundant sulphide found in
these tailings (Fall and Benzaazoua, 2005; Tariq and Nehdi, 2007). It is believed that the
chemical reactivity of pyrite in these paste mixtures may play a significant role in altering its
permeability properties since pyrite is prone to oxidation, especially in the presence of oxygen
and moisture. Hence, there are uncertainties surrounding the ability of internal pyrite to change
the pore structure of PT and potentially increase the permeability of paste mixtures, leading to
risks of ARD during surface paste disposal.

Furthermore, previous researchers (e.g., Quellet et al., 1998; Fall and Benzaazoua,
2005, Benzaazoua et al., 2002; Benzaazoua et al., 1995; Bernier et al., 1999; Hassani et al.,
2001) have reported the potential of sulphates within sulphidic PT to cause “internal sulphate
attack”, which in turn affects the overall strength and stability properties of PT. More
specifically, Quellet et al. (1998) highlighted that sulphates produced from pyrite oxidation in
basic pH environment can react with free calcium ions released from the dissolution of unstable

portlandite (Ca (OH):) to produce secondary gypsum (CaSOa4:2H20) and highly expansive
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ettringite (3CaS04-3Ca0-Alx0s-32H20). These expansive products can further create internal
stresses (Tariq and Nehdi, 2007) leading to drastic deterioration of the cemented matrix leading
to potential risks of ARD (Benzaazoua et al., 1995; Hassani et al., 2001; Fall and Benzaazoua,
2005). While this phenomenon is more pronounced in PT with low cement content and high
sulphate concentration (Quellet et al., 1998), research is yet to report how the oxidation of
pyrite-bearing tailings, in addition to the detrimental effects of ‘initial sulphate attack”, affects
other important factors like permeation of UPT and LCPT for SPD.

Permeability is a major parameter that controls PT's environmental performance and
durability (Fall et al., 2009). Hence, the leachability and susceptibility of PTs to cause ARD
are key design criteria for the environmental design of PTs. The susceptibility is largely
determined by the reactivity (oxidation potential) of the tailings they contain. Subsequently,
this reactivity depends not only on the types and amounts of sulphide minerals in the PT but
also on the permeability properties, which dictate how easily fluids like oxygen and water can
penetrate and flow through the PTs (Fall et al., 2009). These permeability properties can be
evaluated by the knowledge of the hydraulic conductivity of the PTs (Fall et al., 2009).
Hydraulic conductivity measures how easily a fluid (e.g., water) can flow through the pores or
cracks within a porous medium, such as the PT in this study (Pokharel and Fall, 2013). It also
provides relevant information about the pore structure, the connectivity of the pores, and the
extent to which cracks facilitate fluid transfer (e.g., oxygen and water) between paste tailings
(PTs) and the surrounding environment (Fall et al., 2009).

Over the past decades, only a few noteworthy research studies (Abdul-Hussain et al.,
2011; Fall et al., 2009; Goubout et al., 2007; Pokharel and Fall, 2013; Veensta et al., 2014;
Cihangir and Akyol et al., 2018) have aimed to understand the hydraulic conductivity of PTs,
however, these studies have majorly focused on paste backfill (cemented paste backfill (CPB))

applications for underground paste disposal. Additionally, the variations in hydraulic
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conductivity CPB research have been centered on various factors such as tailings fineness (Fall
et al., 2009; Ke et al., 2016), binder content (Abdul-Hussain and Fall., 2011; Abdul-Hussain et
al., 2011), binder types (Fall et al., 2009; Abdul-Hussain et al., 2011; Goubout et al., 2007),
curing time, curing temperature (Abdul-Hussain et al., 2011; Yilmaz et al.,2010), and sulphate
content (Abdul-Hussain et al., 2011). Nonetheless, none of these studies have investigated the
influence of varying pyrite contents on the permeability characteristics of uncemented (UPT)
and lightly cemented paste tailings (LCPT) intended for surface paste disposal (SPD).
Moreover, the impact of pyrite oxidation and initial sulphate content on the hydraulic behaviour
of PTs under field-representative conditions remains unexplored. Addressing these knowledge
gaps is essential for optimizing paste tailings technology and ensuring its long-term
sustainability in mine waste management. Therefore, the objective of this study is to
experimentally investigate the effects of pyrite content, pyrite oxidation, and the resulting
sulphate concentrations on the permeability (saturated hydraulic conductivity) of UPT and
LCPT for SPD under various field scenarios (E.g differing oxygen exposure/drying
conditions). These controlled conditions allow for a systematic evaluation of how oxidation

and sulphate content influence the hydraulic behaviour of PTs.
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5.3 EXPERIMENTAL PROGRAM
5.3.1 MATERIALS

5.3.1.1 TAILINGS
High-purity silica tailings (ST), consisting of 99.8% quartz (SiO:) by weight, were

utilized as the primary material in this study. Quartz is a chemically inert and non-acid-
generating mineral commonly found in hard rock mines across Canada, making ST a suitable
and consistent alternative to natural tailings (NT). The selection of ST was intended to
minimize variability and eliminate the chemical reactivity commonly associated with NT,
whose reactive components can interfere with cement hydration processes and compromise
the reproducibility of experimental results. In contrast, ST allow for a more controlled
assessment of the influence of pyrite on the permeability properties of CPB. A detailed particle
size analysis showed that the PSD of ST closely mirrors the average distribution observed in
nine NT samples from Canadian mining operations (Figure 1). Specifically, about 43% of ST
particles are finer than 20um, classifying them as medium tailings, in accordance with
Landriault’s (1995) definition, which designates medium tailings as containing 35%—-60% of
particles smaller than 20um. This classification also meets the recommended requirement that
CPB materials contain a minimum of 15% by mass of fines below 20um. The physical and

chemical properties of ST are provided in Tables 1 and 2, respectively.

Table 1: Summary of physical attributes for the ST utilized and the average
measurements from nine NT sources in Canada.

ELEMENT Gs Dio(pm) D3o(pm) Dso(nm) Deo(pm)
ST 2.7 1.9 9.0 22.5 31.5
An average of 9 - 1.8 9.1 20.0 30.8

types of tailings

Gs: specific gravity
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Table 2: Mineralogical profile of the ST used in this study
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Figure 1: Comparative grain size profiles of ST and nine Canadian natural tailings.

5.3.1.2 BINDER

Type I Portland cement (PC), a conventional and widely adopted hydraulic binder in
paste tailings (PT) mixtures, was used as the primary binding agent. To enhance sustainability
and reduce material costs, granulated ground blast furnace slag (SA), a latent hydraulic mineral
admixture, was incorporated in selected paste tailings mixtures to partially replace PC. The
use of blended binders comprising Portland cement (PC) and slag (SA) provides both

economic and environmental benefits, as PC production is associated with high costs and
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significant greenhouse gas (GHG) emissions, whereas slag, an industrial by-product, offers a
substantially lower carbon footprint. Two binder types were formulated: PC-only (100%
Portland cement) and SG (a 50:50 weight ratio of PC to SA). These combinations were
selected to evaluate the influence of binder composition on PT performance. The physical and

chemical properties of both PC and SA are summarized in Table 3.

Table 3: Physicochemical Properties of Portland Cement and Slag in Binder Formulations

Specific
Na:0 MgO AlLO3; SiO2 K>O0 CaO TiOz MnO Fe:03 LOI Relative surface area
density  (cm?g)

PCI  0.341 2.577 4.808 20375 0.962 62.700 0.225 0.054 3.609 2.162 3.2 1300
Slag  0.284 11.782 10.59 35572 0.478 39.212 0467 0.298 0.621 0.388 2.8 2100
5.3.1.3 PYRITE

A commercial-grade pyrite powder (FeS:; molecular weight 119.98 g/mol) sourced
from Washington Mills North Grafton, Inc. was utilized in this study. The particle size
distribution of this pyrite closely matches that of pyrite minerals typically present in natural
tailings. This pyrite powder was incorporated into blends with silica tailings (ST), Portland
cement (PC), and slag (SG) to formulate three distinct pyrite-bearing tailings mixtures: UPT,
PC-LCPT, and SG-LCPT. These mixtures were prepared with varying pyrite concentrations
of 0, 5, 15, and 45 wt%, covering the typical range of pyrite contents observed in practice. The

physical properties of the pyrite powder employed are detailed in Table 4.

Table 4: Physical properties of pyrite.

BULK DENSITY (g/cm?) DENSITY AT 20 °C SP. GRAVITY PH MELTING
(g/em?) POINT
2.35 4.7 4.6 4.0-6.0 1193

Sp: specific.
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5.3.1.4 MIXING WATER AND SULPHATE CONCENTRATION

Distilled water was used for all tailings and binder mixtures in this study, with a
constant water-to-binder (w/b) ratio of 32. To replicate sulphate-rich conditions often
encountered in paste tailings environments, ferrous sulphate heptahydrate (FeSOa.-7H-0;
molecular weight 278.01 g/mol) was selected as the representative sulphate source. In practice,
sulphate ions in paste tailings typically originate from the oxidation of sulphide minerals,
particularly pyrite. It is therefore important to examine how varying amounts of sulphate ions,
initially present in tailings as a result of pyrite oxidation, influence the permeability of UPT
and LCPT. Ferrous sulphate was chosen because it is the predominant sulphate compound in
paste tailings and cemented tailings backfills, owing to the abundance of iron and sulphate
ions in mine water. Measured amounts of FeSO4-7H-0 were dissolved in specific volumes of
tap water to produce blending solutions with controlled sulphate concentrations of 0, 5,000,
15,000, and 25,000 ppm. These predefined sulphate levels were then used to assess the

influence of initial sulphate content on the permeability behaviour of the tailings mixtures.

5.3.2 SPECIMEN PREPARATION AND MIX PROPORTIONS

The different lightly cemented and uncemented mix samples investigated in this study
were prepared following the experimental plan outlined in Table 5. Silica tailings, pyrite, and
binders were first weighed into a mechanical mixing bowl using a scientific weighing scale,
and then the powders were subsequently mixed for 5 min. using a mechanical mixer (Kitchen
Aid mixer) at a constant mixing speed (Speed 2) under room temperature. Then the pre-
measured quantity of tap water was added to the mechanical mixer containing the powders.
The samples were then further mixed for an additional 5 minutes to obtain a homogeneous
paste. After the mixing process, the paste mixtures were transferred into plastic cylinder

moulds with a diameter of 5 cm and a height of 10 cm and cured according to the experimental
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plan provided in Table 5. The choice of plastic cylinder moulds aimed to replicate the sizes of

pipes used in on-field PT practice (Haiqiang et al., 2016).
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Table 5: Experimental plan for hydraulic conductivity tests.

SAMPLE NAME TAILINGS TYPE BINDER TYPE BINDER CONTENT PYRITE CONTENT SULPHATE CONTENT CURING TIME
(Vol%) (wt.%) (ppm) (days)
Effect of pyrite content on hydraulic conductivity of UPT
UPT-0% ST - 0 0 0 150
UPT-5% ST+PY - 0 5 0 150
UPT-15% ST+PY - 0 15 0 150
UPT-45% ST+PY - 0 45 0 150
Effect of pyrite content and binder type on hydraulic conductivity of LCPT cured without air drying
PC-LCPT-0% ST PCI (100%) 1.0 0 0 150
PC-LCPT-5% ST+PY PCI (100%) 1.0 5 0 150
PC-LCPT-15% ST+PY PCI (100%) 1.0 15 0 150
PC-LCPT-45% ST+PY PCI (100%) 1.0 45 0 150
SG-LCPT-0% ST PCI/SG (50/50) 1.0 0 0 150
SG-LCPT-45% ST+PY PCI/SG (50/50) 1.0 45 0 150
Effect of pyrite content and binder type on hydraulic conductivity of LCPT cured with air drying
PC-LCPT-0% ST PCI (100%) 1.0 0 0 150
PC-LCPT-5% ST+PY PCI (100%) 1.0 5 0 150
PC-LCPT-15% ST+PY PCI (100%) 1.0 15 0 150
PC-LCPT-45% ST+PY PCI (100%) 1.0 45 0 150
SG-LCPT-0% ST PCI/SG (50/50) 1.0 0 0 150
SG-LCPT-45% ST+PY PCI/SG (50/50) 1.0 45 0 150
Effect of sulphate concentration and pyrite content on the hydraulic conductivity of LCPT cured without air drying
PC-LCPT-0-Oppm ST PCI (100%) 1.0 0 0 150
PC-LCPT-0-5000ppm ST PCI (100%) 1.0 0 5000 150
PC-LCPT-0-25000ppm ST PCI (100%) 1.0 0 25000 150
PC-LCPT-15-0Oppm ST+PY PCI (100%) 1.0 15 0 150
PC-LCPT-15-5000ppm ST+PY PCI (100%) 1.0 15 5000 150
PC-LCPT-15-25000ppm  ST+PY PCI (100%) 1.0 15 25000 150
SG-LCPT-0-Oppm ST PCI/SG (50/50) 1.0 0 0 150
SG-LCPT-0-25000ppm ST PCI/SG (50/50) 1.0 0 25000 150
SG-LCPT-15-0ppm ST+PY PCI/SG (50/50) 1.0 15 0 150
SG-LCPT-15-25000ppm  ST+PY PCI/SG (50/50) 1.0 15 25000 150
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Effect of sulphate concentration and pyrite content on the hydraulic conductivity of LCPT cured with air drying

PC-LCPT-0-Oppm ST
PC-LCPT-0-5000ppm ST
PC-LCPT-0-25000ppm ST
PC-LCPT-15-0Oppm ST+PY
PC-LCPT-15-5000ppm  ST+PY
PC-LCPT-15-25000ppm  ST+PY

SG-LCPT-0-0ppm ST
SG-LCPT-0-25000ppm ST
SG-LCPT-15-0Oppm ST+PY

SG-LCPT-15-25000ppm  ST+PY

PCI (100%)
PCI (100%)
PCI (100%)
PCI (100%)
PCI (100%)
PCI (100%)
PCI/SG (50/50)
PCI/SG (50/50)
PCI/SG (50/50)
PCI/SG (50/50)

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

0
0
0
15
15
15
0
0
15
15

0
5000
25000
0
5000
25000
0
25000
0
25000

150
150
150
150
150
150
150
150
150
150

PC/PCI: Portland cement type I; SG: Blast furnace slag; ST: silica tailings; PY: Pyrite; UPT: Uncemented paste tailings; LCPT: Lightly cemented paste tailings.
ppm: parts per million; Vol: Volumetric percentage; Wt.%: Weight percentage: PCI (100%): Sample with 100% PCI; PCI/SG (50/50): Sample with 50% PCI and SG
With air drying: water evaporation is allowed during sample curing; Without air drying: water evaporation is not allowed during sample curing
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5.3.3 CURING CONDITIONS

To replicate realistic field conditions, two distinct curing scenarios were adopted:
without air drying and with air drying.
(a) Without Air Drying: In this scenario, cylindrical moulds containing the paste tailings
mixtures were sealed to prevent contact with air during the curing process. This scenario
represents conditions where thin layers of paste tailings are deposited rapidly, or where
climatic conditions are unfavourable for evaporation. In the first case, successive layers are
placed in quick succession, so freshly deposited material is rapidly covered by subsequent
layers and has little direct air exposure. In the second case, cold, humid, or rainy climates,
particularly under snow cover or persistent cloudiness, minimize surface water loss, thereby
reducing evaporation and restricting oxygen ingress. Consequently, oxidative reactions during
curing are substantially suppressed under such conditions.
(b) With Air Drying: In this case, the tops of the cylindrical moulds were left open to air during
curing, allowing for atmospheric exposure. This condition simulates field scenarios where
surface-deposited paste tailings experience slower deposition rates and favourable climatic
conditions for water evaporation. The influx of oxygen promotes the oxidation of sulphide
minerals in the tailings, leading to sulphate generation and potentially affecting the chemical
and physical behaviour of the cured material.

Together, these two curing scenarios represent contrasting field conditions. The
without air-drying case limits oxidation, whereas the with air-drying case accelerates it by

increasing oxygen exposure and evaporation.

5.3.4 TEST METHODS

5.3.4.1 HYDRAULIC CONDUCTIVITY TEST

The saturated hydraulic conductivity (permeability) of the cured PT samples was
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evaluated using a Tri-Flex 2 flexible wall permeameter, following the ASTM D5084-00
standard for saturated soils. This method allows for precise measurement of hydraulic
conductivity under controlled laboratory conditions. The constant head test procedure was
adopted, applying a consistent pressure gradient of 10 psi (69 kPa) between the inflow and
outflow burettes to drive water through the sample. Before testing, samples were saturated
using a backpressure technique to eliminate entrapped air and ensure full saturation, which is
critical for accurate permeability measurement. Back pressure was maintained until steady-
state flow was observed, indicating that saturation had been achieved. The flexible wall setup
also prevents side leakage, ensuring water flows only through the sample. Each test was
conducted in duplicate to confirm the repeatability and reliability of the data. This method was
selected due to its ability to simulate in-situ stress conditions and provide high-accuracy

measurements of saturated hydraulic conductivity in fine-grained and cemented materials.

5.3.4.2 MICROSTRUCTURAL AND PHYSICAL PROPERTY ANALYSIS

The microstructural characteristics (such as pore structure and binder hydration
products) and physical properties (including void ratio, porosity, and density) of selected PT
samples were thoroughly analyzed. These tests aimed to assess the structural evolution and
internal changes in the lightly cemented paste tailings (LCPT) over time. Prior to
microstructural testing, the samples were oven-dried at 45 °C for 5 days to eliminate moisture
variability. Mercury intrusion porosimetry (MIP) was conducted to evaluate the pore size
distribution and total porosity of the hardened paste. Mineralogical assessments were
performed using X-ray diffraction (XRD) to identify hydration products. The gravimetric
water content (wc%) and bulk density of the samples were determined in accordance with
ASTM standards D2216-10 and D7263-09, respectively. From these measurements, the void

ratio (e) and porosity (n) were calculated for each test sample.
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5.4 RESULTS AND DISCUSSION
5.4.1 PERMEABILITY OF UNCEMENTED AND LIGHTLY CEMENTED PASTE

TAILINGS WITH PYRITE UNDER NON-AIR-DRIED CONDITIONS

Figure 2(a) shows the influence of pyrite content on the coefficient of permeability (k,
cm/s) of uncemented paste tailings (UPT) and lightly cemented paste tailings with Portland
cement (PC-LCPT) cured without air drying. The results indicate that increasing pyrite content
affects the permeability of both UPT and PC-LCPT. For UPT, permeability increases steadily
from approximately 3.4 x 10~ cm/s at 0% pyrite to 4.8 x 107 cm/s at 45% pyrite. This
represents only a modest increase (a factor of 1.4), i.e., less than one order of magnitude. In
contrast, PC-LCPT samples exhibit consistently low permeability (<2.0 x 107¢ cm/s) up to
15% pyrite, highlighting the effectiveness of cement hydration products in refining pore
structure and restricting fluid flow. However, at 45% pyrite, permeability rises sharply to 1.5
x 107° cm/s, representing nearly an order of magnitude increase compared with the pyrite-free
PC-LCPT. This finding suggests that high pyrite contents cause more severe permeability
deterioration in PC-LCPT than in UPT.

Figure 2(b) compares the effects of pyrite content on the permeability of LCPT prepared
with PC (PC-LCPT) and slag (SG-LCPT). Across all pyrite levels, SG-LCPT samples exhibit
higher baseline permeability than PC-LCPT. For instance, at 0% pyrite, permeability is 1.3 x
107 cm/s for SG-LCPT versus 1.6 x 1076 cm/s for PC-LCPT. When pyrite content increases
to 45%, permeability rises to 3.1 x 10~° cm/s for SG-LCPT and 1.5 x 10~ cm/s for PC-LCPT.
Although SG-LCPT maintains higher absolute permeability, PC-LCPT undergoes a far greater
relative increase: at 45% pyrite, its permeability is about ten times higher than at 0% pyrite,
compared with only a 2.4-fold increase for SG-LCPT. Thus, while slag addition initially
results in higher permeability, SG-LCPT is less sensitive to pyrite-induced deterioration than

PC-LCPT.
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Overall, these results demonstrate that UPT systems are more susceptible to pyrite-induced
increases in permeability than LCPT. Between binder types, SG-LCPT generally shows
greater resistance than PC-LCPT to permeability degradation at elevated pyrite contents,
underscoring the influence of binder composition on the durability and environmental

performance of paste tailings.
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Figure 2: Effect of pyrite content on the permeability of (a) uncemented paste tailings
(UPT) and lightly cemented paste tailings (PC-LCPT), and (b) paste tailings stabilized
with different binder types (PC-LCPT and SG-LCPT) cured for 150days.

The permeability trends observed can be attributed to significant microstructural
modifications within the PT matrix, as confirmed by the experimental characterization of
physical properties-specifically, void ratio and dry density (Figures 3a and 3b). For UPT, the
void ratio increased markedly from 0.69 at 0% pyrite to 1.64 at 45% pyrite, reflecting greater
interparticle spacing and a more open pore network that facilitates fluid flow (Sicakova and
Kovac, 2020; Sonebi et al., 2016; Luck et al., 2006; Timlin et al., 1999; Adajar, 2014; Wise,
1992). Correspondingly, dry density decreased from 1.46 g/cm? to 1.17 g/cm?, indicating that

lower density promotes higher permeability by enhancing pore interconnectivity and loosening

175



Chapter 5. Technical Paper 111

particle arrangements, thereby generating additional pathways for fluid migration (Sicakova
and Kovac, 2020; Javed et al., 2025). These structural changes directly explain the steady
increase in permeability observed in UPT.

In PC-LCPT, the significantly lower permeability compared with UPT, particularly at
0-15% pyrite, is attributed to cementitious bonding. At lower pyrite levels, cement hydration
produces phases such as portlandite (Ca (OH)2) and Calcium Silicate Hydrate (C-S-H), which
densify the matrix by filling voids and binding tailings particles, thereby restricting fluid flow
(Li and Fall, 2018; Marchon and Flatt, 2016). This agrees with Faraji and Fall (2025), who
reported that hydration products in cement—tailings blends reduce permeability by filling pores
and enhancing particle interlocking. However, as pyrite content increased from 0% to 45%,
the void ratio rose from 0.66 to 1.41, while dry density decreased from 1.49 g/cm? to 1.23
g/cm?®. These changes suggest that pyrite interferes with cement-induced densification,
weakening particle bonding and increasing pore connectivity. This disruption can be explained
by the sulphate ions generated from pyrite oxidation in LCPT systems. Sulphate ions react
with cement components (e.g., CsA) and hydration products (e.g., CH), leading to the
formation of expansive minerals such as ettringite and gypsum. The associated expansion
pressures can generate cracks within the LCPT matrix, thereby elevating permeability (Fall
and Benzaazoua, 2005). This interpretation aligns with Schmidt et al. (2011), who
demonstrated that iron sulphide degradation in cement matrices induces internal cracking, and
Rodrigues et al. (2012), who reported that oxidation of pyrite-bearing aggregates produces
expansive secondary minerals (gypsum, thaumasite), which disrupt matrix compactness and

increase permeability.
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Figure 3: Changes in physical properties of 150-day cured uncemented paste tailings
(UPT) and lightly cemented paste tailings (PC-LCPT), with increasing pyrite content:
(a) void ratio, and (b) dry density.
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Furthermore, the disruptive interaction between pyrite and the cement matrix is
experimentally supported by the X-ray diffraction (XRD) results of LCPT samples with 0%
and 45% pyrite, presented in Figure 4. The mineralogical transformations observed confirm
the influence of sulphate ions released from pyrite oxidation. In the 0% pyrite sample (Figure
4a), the diffraction pattern is dominated by strong portlandite (Ca(OH)2) peaks, with the most
intense peak reaching 12,934 cps. Well-defined calcite (CaCQOs) signals are also present,
suggesting mild carbonation of portlandite (Savija and Lukovic, 2016). Only trace amounts of
gypsum are detected, likely originating from the initial cement (Frigione, 1983) rather than
secondary sulphate reactions, while quartz peaks reflect inert tailings minerals. Importantly,
no residual unhydrated clinker phases (e.g., C.S or CsS) are detected, indicating a well-
hydrated cement matrix. The strong portlandite peak highlights the robust formation of
hydration products that densify the pore structure and enhance binding. The absence of
ettringite or other sulphate-bearing phases further confirms the lack of significant sulphate
reactions in this system. By contrast, the 45% pyrite sample (Figure 4b) shows a markedly
different mineralogical profile. Portlandite is still present but with a much weaker peak (2760
cps), indicating its partial consumption in secondary reactions (reactions of sulphate ions with
portlandite to produce gypsum). Strong ettringite peaks and clear gypsum signals are observed,
both of which are products of reactions between sulphate ions from pyrite oxidation and the
calcium and aluminates in cement (Bérard et al., 1975; Chinchon et al., 1995; Casanova et al.,
1997). Additionally, unhydrated clinker minerals such as C.S and CsS appear, suggesting that
the high-sulphate environment inhibited normal cement hydration (Pokharel and Fall, 2013).
This shift from a matrix dominated by portlandite and calcite to one enriched in ettringite and
gypsum reflects a chemically weakened system vulnerable to cracking. The expansive growth
of ettringite and gypsum not only consumes key hydration products but also generates internal

stresses that fracture the matrix and open new pathways for fluid migration (Pokharel and Fall,
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2013). These mineralogical changes are fully consistent with the permeability trends reported

in Figure 2.
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Figure 4: X-ray diffraction (XRD) patterns of paste tailings lightly cemented with
Portland cement (PC-LCPT) at (a) 0% and (b) 45% pyrite content after a 150-day curing

period.
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The higher permeability values observed for SG-LCPT compared to PC-LCPT can be
attributed to the limited formation of secondary hydration products (secondary C—S—H) from
slag hydration, which results in a coarser pore structure. The partial (50%) replacement of
cement with slag reduces the amounts of C.S and CsS available for hydration, thereby lowering
the production of C—S—H and CH at later ages. In contrast, PC-LCPT retains higher clinker
content and continuously generates more hydration products, leading to finer pores and denser
structures. This interpretation is consistent with the physical properties presented in Figure 5,
where SG-LCPT already shows a higher void ratio (1.11) and lower dry density (1.36 g/cm?)
at 0% pyrite compared to PC-LCPT. At 45% pyrite, these differences are more pronounced,
with SG-LCPT reaching a void ratio of 1.64 and a dry density of 1.09 g/cm?.
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Figure 5: Void ratio and dry density of PC-LCPT and SG-LCPT at 0% and 45% pyrite

content after 150 curing days.

Mercury intrusion porosimetry (MIP) results (Figure 6) further confirm these
differences. At 0% pyrite (Figure 6a), PC-LCPT exhibits a sharp, unimodal pore size

distribution centered around 1.3 pm with a maximum incremental porosity of 1.58%,
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reflecting a compact, refined pore network (Aldhafeeri and Fall, 2016). By contrast, SG-LCPT
at 0% pyrite shows a broader distribution spanning 0.7-3.5 pum, with lower peak porosity
(1.2%), indicative of a more heterogeneous and coarser pore system due to reduced hydration
product formation. At 45% pyrite (Figure 6b), both LCPT systems display increased threshold
pore sizes, rising from 1.3 to 1.6 pm (23% increase) in PC-LCPT and from 1.8 to 2.1 pm (16%
increase) in SG-LCPT. This confirms that pyrite oxidation promotes pore coarsening and
enhances fluid transport. However, the sharper increase in PC-LCPT demonstrates its higher

sensitivity to pyrite-induced permeability degradation compared with SG-LCPT.

The mechanistic explanation lies in binder composition. With 50% slag replacement, the
blended binder contains less CsA than pure Portland cement, limiting the extent of ettringite
formation from sulphate attack (Fall and Pokharel, 2013). Additionally, the pozzolanic
reaction of slag consumes portlandite (CH), thereby reducing gypsum formation.
Consequently, pyrite-bearing SG-LCPT produces smaller amounts of expansive minerals
(ettringite, gypsum) than pyrite-bearing PC-LCPT. Lower quantities of these expansive phases

mean less internal stress and cracking, thus mitigating pore coarsening in SG-LCPT.

This explanation is supported by XRD results (Figures 4 and 7). At 0% pyrite, both PC-LCPT
and SG-LCPT diffractograms are dominated by portlandite, gypsum, calcite, and quartz, with
no detectable ettringite or unhydrated clinker phases, indicating stable hydration and well-
developed matrices. At 45% pyrite, however, both systems show strong ettringite and gypsum
peaks and the appearance of unhydrated C.S and CsS, confirming that sulphate ions from pyrite
oxidation interfere with binder hydration (Pokharel and Fall, 2013; Rodrigues et al., 2012).
Notably, PC-LCPT exhibits more intense ettringite and gypsum peaks than SG-LCPT,

consistent with its greater permeability deterioration.

Overall, the results demonstrate that pyrite destabilizes the cement matrix by

generating sulphate ions, which promote the formation of expansive minerals and hinder
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complete hydration. This leads to microstructural degradation and higher permeability.
Comparatively, SG-LCPT shows greater resistance than PC-LCPT, in line with prior studies
reporting that slag-blended cements are more resistant to sulphate attack than pure Portland
cement. From an environmental and geotechnical perspective, these findings highlight the
importance of binder selection in the long-term performance of surface paste disposal (SPD)
systems. While both PC- and SG-based LCPT are vulnerable to pyrite oxidation, SG-LCPT
provides comparatively greater durability by limiting permeability increases and minimizing
sulphate-induced cracking. This enhanced resistance has direct implications for reducing
contaminant migration, improving structural stability, and ensuring the long-term

environmental safety of mine tailings storage facilities.
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Figure 6: MIP graphs showing Incremental pore size distributions of 150 days cured PC-

LCPT and a SG-LCPT under sealed curing conditions: (a) at 0% pyrite content and (b)
at 45% pyrite content.
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Figure 7: X-ray diffraction (XRD) patterns of paste tailings lightly cemented with a 50/50
blend of Portland cement and slag at (a) 0% and (b) 45% pyrite content after a 150-day

curing period.
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5.4.2 EFFECT OF PYRITE CONTENT ON THE PERMEABILITY OF LIGHTLY
CEMENTED PASTE TAILINGS SUBJECTED TO AIR DRYING

In practice, paste tailings are deposited in thin layers, and the interval between
successive layers varies depending on mining operations and site conditions. When these
intervals are long, and deposition occurs in climates that promote strong evaporation, surface
drying can occur, exposing the paste tailings to oxygen. To replicate this scenario, the
permeability of LCPT with varying pyrite contents subjected to air drying was investigated,
and the results are presented in Figure 8. Figure 8 shows the combined influence of pyrite
content (0%, 5%, 15%, and 45%), curing environment (sealed versus air-dried), and
permeability of PC-LCPT. At low pyrite levels (0-15%), air drying has little effect.
Permeability increases only slightly, from 1.97 x 1076 to 2.44 x 10~¢ cm/s under air drying and
from 1.62 x 107¢ to 2.02 x 10~° cm/s under sealed curing. These minor changes suggest that
the cementitious matrix remains intact and that microstructural alterations are insufficient to
significantly affect fluid flow.

At 45% pyrite, however, a more pronounced increase in permeability is observed under
air drying. The coefficient of permeability rises to 1.9 x 10~° cm/s, which is about 30% higher
than the 1.5 x 10~° cm/s recorded under sealed curing. This increase is attributed to accelerated
pyrite oxidation under oxygen exposure, which produces more sulphate ions than in sealed
conditions. The sulphate ions react with cement components (CsA) and hydration products
(CH), forming expansive secondary minerals such as ettringite and gypsum, while
simultaneously inhibiting ongoing cement hydration. These processes disrupt the matrix,
increase pore connectivity, and weaken the binder’s ability to refine the pore structure, thereby
inducing microcracking and reducing cohesion (Schmidt et al., 2011; Czerewko et al., 2003;
Lee et al., 2005; Pokharel et al., 2013). Such degradation highlights the elevated risk of acid

generation or contaminant migration and reduced long-term stability in field scenarios where
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LCPT layers are exposed to drying and oxygen ingress.
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Figure 8: Effect of pyrite content and air drying on the permeability of PC-LCPT under

air-drying and sealed conditions after 150 curing days.

To validate these mechanisms, XRD analyses were conducted on sealed and air-dried
LCPT samples with 0% and 45% pyrite (Figure 9). At 0% pyrite, diffraction patterns under
both curing conditions are dominated by strong portlandite peaks, confirming a well-hydrated
matrix. Minor gypsum, likely residual from the original cement where it is added to control
CsA hydration (Frigione, 1983), was detected, along with monosulfoaluminate from early CsA
sulphate reactions (Pinter and Gosselin, 2018). Quartz peaks correspond to inert tailings
minerals, while calcite reflects carbonation of portlandite (Savija and Lukovic, 2016).
Compared with sealed specimens, air-dried samples show slightly lower portlandite intensity

and marginally higher calcite, consistent with mild carbonation. Overall, this assemblage
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reflects a stable, well-hydrated matrix with minimal sulphate generation and is consistent with

the low permeability recorded under both curing conditions.

At 45% pyrite, the XRD patterns reveal a marked mineralogical shift: portlandite peaks are
reduced, while gypsum and ettringite peaks intensify, indicating active sulphate reactions.
Residual C.S and CsS are also detected, pointing to incomplete cement hydration (Pokharel
and Fall, 2013). These effects are most pronounced in air-dried samples, where oxygen
availability accelerates pyrite oxidation and sulphate production (Aldhafeeri et al. 2016),
driving expansive ettringite formation. Similar findings have been reported by Rodrigues et
al. (2012), Barnett et al. (2002), Macphee and Barnett (2004), and Aldhafeeri et al. (2016).
The accumulation of expansive minerals consumes hydration products, induces internal
stresses, and causes microcracking, thereby increasing pore connectivity and weakening the
matrix. These transformations are consistent with the sharp rise in permeability observed in
pyrite-bearing samples: 1.9 x 10~ cm/s under air drying and 1.5 x 10~° cm/s under sealed
curing, the latter demonstrating that internal oxidation can still occur even without direct air

exposure.
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Figure 9: X-ray diffraction (XRD) patterns of (a) PC-LCPT-0%pyrite (no air-drying),
(b) PC-LCPT-0%pyrite (air-drying), (¢) PC-LCPT-45%pyrite (no air-drying) (d) PC-
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The MIP results (Figure 10) and physical properties (Figure 11) provide quantitative
confirmation of the XRD interpretations. At 0% pyrite, the sealed sample displays a sharp,
narrow peak around 1.1 pm with a maximum incremental porosity of 1.6%, reflecting a
refined, compact microstructure dominated by gel and small capillary pores (Figure 10a). By
contrast, the air-dried sample shows a broader distribution with a smaller peak (0.23%) shifted
toward larger pore sizes (2 um), indicating coarser pores and reduced refinement. At 45%
pyrite, air-dried PC-LCPT samples exhibit both higher peak porosity and a shift toward larger
pore sizes relative to sealed samples. This pore coarsening is consistent with pyrite oxidation
and expansive mineral formation under oxygen exposure. Sealed samples, while also affected,
retain finer pores and lower connectivity, indicating comparatively better resistance to fluid
transport. An additional factor contributing to pore coarsening in air-dried LCPT is shrinkage-
induced microcracking caused by moisture loss, which further disrupts the cementitious matrix
and increases permeability.

The bulk physical properties corroborate these observations (Figure 11). Void ratio increases
progressively with pyrite content, with a more pronounced effect under air-dried conditions.
At 45% pyrite, the void ratio reaches 1.56 in air-dried samples compared with 1.41 in sealed
samples, reflecting enhanced porosity due to expansive mineral formation. Correspondingly,
dry density decreases with increasing pyrite content, falling below 1.2 g/cm? at 45% pyrite for
both curing conditions, with the lowest values observed under air drying. This reduction
reflects the replacement of dense hydration products such as Ca(OH). with lower-density
sulphate minerals and overall matrix breakdown. Together, the increases in void ratio and
decreases in dry density reinforce the mineralogical and pore structure findings, affirming that
pyrite oxidation, particularly under air exposure, compromises the physical stability and

permeability resistance of the LCPT matrix.
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Given the common practice of using pozzolanic alternatives to Portland cement (PC)
in the mining industry, this study compared the performance of a 1 wt.% 50:50 slag/PC blend
(SG-LCPT) with that of 1 wt.% 100% PC (PC-LCPT), as shown in Figure 12. The results
demonstrate that both pyrite content and air drying significantly influenced permeability, with
clear differences between the binder systems. At 0% pyrite, PC-LCPT exhibited low
permeability - approximately 1.97 x 107 cm/s under air drying and 1.62 %< 107¢ cm/s under
sealed curing - indicating that Portland cement effectively reduces pore connectivity, with only
minor influence from potential microstructural damage such as shrinkage-induced
microcracking during air drying. By contrast, SG-LCPT at 0% pyrite showed substantially
higher baseline permeability, about 1.63 x 1075 cm/s with air drying and 1.32 x 1075 cm/s under
sealed conditions, confirming that the slag-based binder is less efficient in refining pore
connectivity in paste tailing systems. The mechanisms underlying this higher baseline
permeability of SG-LCPT have been detailed earlier and are consistent with previous findings
(Gruyaert et al., 2010; Gruyaert et al., 2012; Gruyaert et al., 2013). When pyrite content
increased to 45%, permeability rose markedly in both binder systems, particularly under air-
dried conditions where pyrite oxidation is most pronounced. For PC-LCPT, permeability
increased to 1.90 x 10° cm/s under air drying and 1.50 x 10~° cm/s under sealed curing,
representing an approximate 30% rise. The relative increase was smaller in SG-LCPT, which
reached 3.40 x 10~° cm/s when air-dried and 3.07 x 1075 cm/s in the sealed condition,
corresponding to a 12% increase. These results indicate that PC-LCPT is more sensitive to
sulphate attack induced by pyrite oxidation, consistent with the formation of expansive
secondary minerals such as ettringite and gypsum, as demonstrated previously. The
precipitation of these minerals generates internal stresses, induces microcracking, enlarges
pore networks, and enhances fluid transport, ultimately compromising the structural integrity

and long-term durability of the cemented matrix.
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Figure 12: Effect of pyrite oxidation on the permeability of LCPT stabilized with
different binder types (PC-LCPT and SG-LCPT) at 150 days curing time

5.4.3 EFFECT OF INITIAL SULPHATE CONTENTS ON THE PERMEABILITY OF
LIGHTLY CEMENTED PASTE TAILINGS.

In practice, sulphide minerals contained in tailings may partially oxidize before their
use in paste tailings or cemented paste backfill mixtures. This occurs most commonly when
tailings are stored in surface impoundments, stockpiles, or dry stacks, where exposure to
oxygen and moisture promotes oxidation. Such pre-oxidation releases sulphate ions into the
pore water of the tailings, raising the initial sulphate concentration of the mixture and

potentially influencing its hydraulic performance.
To investigate the combined effects of initial sulphate concentration, pyrite content, and

oxygen exposure, this study assessed the permeability of LCPT prepared with 0% and 15%
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pyrite and subjected to sulphate concentrations of 0, 5,000, and 25,000 ppm.

The results, presented in Figure 13, show that increasing sulphate content generally leads to
higher permeability, with the effect becoming more pronounced at elevated concentrations and
in the presence of pyrite. Under sealed curing, permeability in PC-LCPT without pyrite
increased moderately from 1.6 x 107¢ cm/s at 0 ppm to 3.1 x 10¢ cm/s at 25,000 ppm. By
comparison, SG-LCPT exhibited a significantly higher baseline permeability of 1.6 x 107
cm/s, reflecting its lower clinker content (Gruyaert et al., 2010; Gruyaert et al., 2012; Gruyaert
et al., 2013) and less compact microstructure, as discussed earlier. The inclusion of pyrite
amplified these effects, particularly at high sulphate levels, since pyrite oxidation generated
additional sulphate internally, further fueling expansive mineral formation. Sulphate ions react
with tricalcium aluminate (CsA) and calcium hydroxide (CH) to form ettringite and gypsum
(Pokharel and Fall, 2013). At high concentrations, excessive ettringite and gypsum formation
induces matrix expansion and microcracking, which enlarge pores and disrupt structural
integrity (Pokharel and Fall, 2013; Fall et al., 2009; Pokharel, 2008; Ouellet et al., 2006;
Benzaazoua et al., 2002, 1999). This mechanism is particularly severe under air-drying
conditions, where oxygen ingress accelerates pyrite oxidation and sulphate generation. As a
result, permeability rises sharply rises, for example, in PC-LCPT with 25,000 ppm sulphate
and pyrite, permeability reached 4.42 x 10~ cm/s, while SG-LCPT recorded the highest value
0f4.46 x 1073 cm/s. These findings confirm that high sulphate concentrations, especially when
combined with pyrite and oxygen exposure, compromise the cemented matrix and

significantly increase permeability.

These permeability trends are corroborated by the void ratio and dry density results presented
in Figure 14. Increasing initial sulphate content, particularly at 25,000 ppm, consistently
elevated the void ratio and reduced the dry density in both PC-LCPT (Figure 14a) and SG-

LCPT (Figure 14b), with stronger effects under air-drying and in pyrite-bearing systems. The
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changes were more pronounced in SG-LCPT, reflecting greater pore coarsening and reduced
compactness. These patterns are explained by sulphate reactions with cement phases, which
form expansive minerals such as ettringite and gypsum. While limited amounts of these
minerals may locally refine the pore structure, excessive precipitation at high sulphate levels
generates expansion, cracking, and interconnected voids. Pyrite oxidation further intensifies
this degradation by producing additional sulphate under oxygen exposure, accelerating matrix
breakdown. The concurrent rise in void ratio and decline in dry density therefore reinforce the
permeability data, confirming that both initial sulphate content and pyrite oxidation act

synergistically to undermine the structural stability and hydraulic resistance of LCPT systems.

These findings underscore that pre-oxidized, sulphate-rich tailings pose a heightened risk to
the performance of cemented paste tailings systems used in surface disposal. Elevated initial
sulphate contents, particularly when combined with pyrite oxidation and oxygen exposure,
accelerate microstructural degradation, leading to increased permeability, solute (e.g. oxygen)
migration pathways, and loss of long-term integrity. From a field perspective, careful
management of tailings storage and binder selection is therefore critical to ensure the

environmental safety and durability of paste tailings disposal facilities.
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5.5 SUMMARY AND CONCLUSIONS

This study systematically investigated the effects of pyrite content, pyrite oxidation, initial
sulphate concentration, and binder type on the permeability and microstructural evolution of
uncemented paste tailings (UPT) and lightly cemented paste tailings (LCPT) under field-
representative curing conditions. The following conclusions can be drawn:

e Permeability of UPT increased steadily with higher pyrite content, driven by rising
void ratios that created a looser, more open pore network.

e At low pyrite contents (<15%), permeability remained low due to pore refinement and
densification from cement hydration. At 45% pyrite, permeability rose sharply as
sulphate ions released from pyrite oxidation reacted with portlandite and aluminous
phases to form expansive minerals (ettringite, gypsum). These reactions consumed
hydration products, induced internal stresses, caused microcracking, and coarsened the
pore structure. Even under sealed conditions, limited internal oxidation was sufficient
to compromise matrix integrity, showing that pyrite-bearing LCPT remains vulnerable
without direct oxygen exposure.

e Increasing sulphate concentration consistently elevated permeability by promoting the
formation of expansive minerals and weakening the matrix structure. When combined
with pyrite, the sulphate released internally during pyrite oxidation further amplified
permeability increases. This combined effect confirms sulphate as a critical factor
undermining the stability of LCPT systems.

e Mineralogical, pore structure, and physical property analyses consistently confirmed
matrix weakening under sulphate and pyrite-rich conditions. Portlandite depletion,
elevated sulphate-bearing phases, and residual unhydrated clinker were accompanied
by a shift from fine pores to larger connected voids. Void ratios increased and dry

densities declined, reflecting a less compacted and weaker cemented matrix.

199



Chapter 5. Technical Paper 111

e Binder type had a decisive effect. Portland cement (PC)-LCPT initially showed lower
permeability and finer pore structures, but was highly sensitive to pyrite- and sulphate-
induced degradation due to its higher CsA and portlandite contents. Slag-blended
LCPT (SG-LCPT) exhibited higher baseline permeability but demonstrated greater
resistance to sulphate attack and pyrite-induced deterioration, reflecting reduced CsA
availability and the pozzolanic consumption of portlandite, which limit expansive
mineral formation.

This study demonstrates that permeability and, by extension, the durability and environmental
performance of surface paste disposal systems (UPT and LCPT) are strongly governed by
pyrite content, sulphate concentration, and binder composition. High pyrite and sulphate levels
significantly accelerate permeability, solute migration pathways, and long-term structural
degradation. While both binder systems are vulnerable, SG-LCPT shows comparatively
greater durability under sulphate- and pyrite-rich conditions. From a field perspective, these
findings highlight the need for careful paste tailings storage management, binder selection,
and oxidation control to minimize acid mine drainage generation, ensure environmental safety,
and improve the long-term durability of surface paste disposal facilities. Future research
should extend these findings by coupling chemical reactivity, hydraulic performance with
large-scale contaminant transport modelling and in-situ monitoring to better evaluate the

environmental risks and long-term sustainability of surface paste tailings technologies.
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6.1 ABSTRACT

The long-term stability of sulphide-bearing cemented paste backfill (CPB) is a critical
factor in sustainable mine waste management. Understanding how pyrite oxidation, sulphate
generation, and binder composition influence hydraulic behaviour is essential for optimizing
backfill performance. This study investigates the permeability response of pyrite-bearing CPB
prepared with two binder systems-Portland cement (PC) and Slag—Portland cement blend (SG)
cured for 150 days under sealed and air-dried conditions. The effects of pyrite content (0-45%)
and initial sulphate concentration (0-25,000 ppm) on the microstructural and hydraulic
characteristics were evaluated through X-ray diffraction (XRD) analysis, scanning electron
microscopy (SEM) and physical property measurements (void ratio and dry density). Results

revealed that permeability increased with increasing pyrite and sulphate levels due to the
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formation of expansive secondary minerals such as ettringite and gypsum, which weakened
matrix integrity and increased pore connectivity. Slag-based systems exhibited higher
permeability than Portland cement mixtures, attributed to incomplete hydration and enhanced
susceptibility to sulphate attack. Air exposure further intensified pyrite oxidation, leading to
additional sulphate generation, microcracking, and structural loosening. Overall, the findings
highlight that pyrite oxidation, binder type, and curing condition have a significant influence
on the hydraulic behaviour of CPB. These results underscore the importance of selecting
appropriate binders and implementing effective oxidation control measures to ensure durable

and environmentally stable backfill structures.
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6.2 INTRODUCTION

Cemented paste backfill (CPB) technology is an advanced mine waste management
technique that represents a transformative step towards greener and more effective sustainable
mining practices. Through a design concept of repurposing voluminous mine tailings into
underground mining voids, CPB technology has revolutionized tailings disposal by
transforming tailings into valuable resources for structural reinforcements of mined-out
underground groves (Fall and Benzaazoua, 2005; Kesimal et al., 2003; Yilmaz et al., 2009; Fall
and Pokharel et al., 2010; Mahlaba et al., 2011). This technology not only enhances the stability
of underground mines but also simultaneously addresses the environmental and safety hazards
associated with traditional tailings disposal, such as geotechnical failures, environmental
pollution and acid mine drainage (Wu et al., 2024; Qi and Fourie, 2019; Cacciuttolo Vargas &
Marinovic Pulido (2022).

The design and preparation of CPB are carefully engineered to optimize specific factors
and properties, such as composition, cost, rheology, permeability, and mechanical strength.
Typically, CPB is a composite mixture consisting of dewatered tailings (which make up
approximately 70-85 wt% solids), freshwater or mine-processed water to ensure proper
consistency and a hydraulic binder of 2-7% of the total weight for strength and stability (Fall
and Pokharel, 2010; Fall et al., 2009; Abdul-Hussain and Fall, 2011). These components are
thoroughly mixed on the mine surface, and the resulting slurries/paste are transported via
gravity-fed or pump-assisted pipelines into previously excavated underground voids (Fall et
al., 2008; Argane et al., 2015; Yilmaz and Fall, 2017). Over time, the paste undergoes a cement-
hydration process, resulting in a stable and solidified backfill that must withstand certain
stresses to ensure its successful application (Sheshpari, 2015). Therefore, the successful
performance of CPBs is dependent on an in-depth understanding of the complex interplay

between the design properties of the final paste backfill. Specifically, CPBs must exhibit
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sufficient strength to provide structural support, while maintaining adequate flowability for
transport (Sheshpari, 2015). Hydraulic conductivity is another critical factor as it must allow
controlled drainage without compromising barricade integrity or the function of free-draining
permeable retaining structures, such as bulkheads, or impermeable retaining walls (Fall et al.,
2009; Abdul-Hussain & Fall, 2012; Ghirian & Fall, 2013, 2014). Equally important is the
environmental performance and long-term durability of CPBs, which are largely dictated by
their permeability characteristics.

Researchers and engineers have studied these interactions over time through laboratory
and field investigations, focusing on the mechanical, rheological, environmental performance
and durability properties of CPBs. Significant contributions to the study of mechanical
properties are found in the documented works by Fall et al. (2008), Kesimal et al. (2005), Fall
et al. (2010), and Ghiran and Fall (2014). These include investigations into strength
development mechanisms (Nasir and Fall, 2010) and failure behaviour under uniaxial (Yilmaz
et al., 2014) and triaxial compression (Klein and Simon, 2006; Fall et al., 2007). In the area of
rheology, notable works include Oyewale et al. (2025), Aldhafeeri and Fall (2017), Ouattara et
al. (2017), Bian et al. (2021) and Xiapeng et al. (2019). Environmental performance studies
have been explored by Haruna and Fall (2022), Fall et al. (2009), Pokharel and Fall (2013) and
Godbout (2005). While progress in CPB research is evident, the environmental implications of
incorporating pyrite-bearing tailings remain insufficiently investigated (Martins et al.,
2021,2024). In particular, the role of sulphide oxidation and its by-products in influencing
long-term durability and environmental performance of CPBs for underground mining
applications remains a critical gap in current knowledge. This is because, regardless of the
potential for CPB technology to neutralize the chemical reactivity of tailings through the
addition of alkaline materials like cement (Ercikdi et al., 2017), complexities might arise when

pyrite-bearing tailings are used. These issues stem from the highly reactive nature of pyrite and
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its ability to undergo chemical oxidation when exposed to water and oxygen, which further
generates sulfuric acid, leading to ARD.

The presence of pyrite minerals in these CPB systems can lead to sulphate-induced
deterioration known as “Internal sulphate attack™ (Benzaazoua et al., 1998; Fall and
Benzaazoua, 2005; Tariq and Nehdi, 2007). This phenomenon is triggered when pyrite minerals
react with cementitious agents, such as cement, causing the dissolution of calcium hydroxide
(Portlandite, Ca(OH)2), followed by the subsequent formation of highly expansive ettringite
or gypsum. As these expansive phases absorb water and increase in volume, they generate
internal stresses that cause internal swelling, cracking, and strength degradation of the CPB.
Internal stresses can further compromise other CPB properties, such as its permeability
properties. While no research study has investigated how pyrite-induced internal stresses affect
the permeability properties of paste backfill, it is suspected that incorporating highly reactive
pyrite tailings in CPB systems might cause more aggressive sulphate attacks leading to
accelerated ARD formation and more severe environmental risks (Benzaazoua et al., 1998;
Tariq and Nehdi, 2007). Therefore, research must also focus on studying the environmental
behaviour of pyrite-laden tailings, particularly the ambiguities that may negatively affect the
permeability properties of pyrite-containing paste backfills for underground tailings disposal.

The environmental behaviour of CPBs, such as their susceptibility to cause ARD and
leaching potential, is an important design criterion for ensuring optimal performance after
emplacement in underground stopes (Sheshpari, 2015). This susceptibility is a function of the
chemical reactivity of the composition of tailings used in the CPB mixture and is controlled
not only by the type and concentration of sulphide minerals present in the CPB matrix, but also
by the easy permeation of fluids such as oxygen and water through the paste backfill
(Sheshpari, 2015;Levens et al., 1996; Haruna and Fall, 2022; Fall et al, 2009; Wu et al., 2013).

In essence, the chemical reactivity is largely dependent on the permeability properties of CPB,
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which can be evaluated through hydraulic conductivity studies. Additionally, hydraulic
conductivity is a crucial parameter for determining the flow rate of groundwater through the
CPB matrix as the groundwater table returns to its natural level after mine closure.
Consequently, it determines the leaching potential and transport of pyrite-polluted water from
the CPB matrix into the surrounding groundwater systems (Bull and Fall, 2020; Fall et al.,
2009; Haruna and Fall, 2022).

Several studies have successfully examined the factors influencing the permeability
behaviour of cemented paste backfill (CPB). Most of these investigations have shown that
parameters such as tailings particle size and gradation (Ke et al., 2016), binder type and content
(Abdul-Hussain and Fall, 2011; Godbout et al., 2013), curing time and temperature (Yilmaz et
al.,2010), and sulphate concentration (Abdul-Hussain and Fall, 2011) have a strong impact on
its hydraulic performance. However, none of these studies has explored the influence of pyrite-
bearing tailings on the hydraulic conductivity of CPB, particularly how pyrite oxidation and
subsequent sulphate formation affect its microstructure and long-term permeability behaviour.
Therefore, this study addresses this critical knowledge gap through controlled experimental
investigations designed to enhance understanding of the hydraulic response, stability, and

environmental performance of pyrite-laden CPBs.
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6.3 EXPERIMENTAL PROGRAM
6.3.1 MATERIALS USED
6.3.1.1 TAILINGS

In this study, high-purity silica tailings (ST) containing 99.8% quartz (Si0:) by weight
were selected as the primary material. Quartz is an inert, non-acid-generating mineral that is
widely present in hard rock mining deposits across Canada, making ST a reliable and uniform
substitute for natural tailings (NT). The choice of ST was made to reduce variability and avoid
the chemical reactivity often associated with NT, where reactive minerals can disrupt cement
hydration and reduce the consistency of experimental outcomes. By contrast, the use of ST
enables a more controlled evaluation of pyrite’s role in influencing the permeability of CPB.
Particle size distribution (PSD) analysis revealed that ST closely resemble the average
gradation of nine NT samples collected from Canadian mining sites (Figure 1). Approximately
43% of ST particles are finer than 20 um, placing them within the medium-tailings category
as defined by Landriault (1995), which specifies 35%—-60% of particles below 20 um. This
proportion also satisfies the requirement that CPB mixtures contain at least 15% fines smaller
than 20 pm by mass. The detailed physical and chemical characteristics of ST are summarized

in Tables 1 and 2.

Table 1: Summary of the physical characteristics of silica tailings (ST) and average
values from nine Canadian natural tailings (NT) sources.

ELEMENT Gs D1o(pm) D3o(nm) Dso(nm) Deo(pum)
ST 2.7 1.9 9.0 22.5 31.5
An average of 9 - 1.8 9.1 20.0 30.8

types of tailings

Gs: specific gravity
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Table 2: Mineralogical composition of the tailings materials selected for experimental
investigations.

MINERAL
TAILINGS
5] [ [
N Q = 8 2 = ) = = @ —
(Wt.%) 5 E £ 5 g = £ 2 3 2 5 =
= o = = = =) )
S < 2 38 5 g & ¢ & & 3 =
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ST: Silica tailings; wt.: weight.
100
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Figure 1. Grain size distribution of the tailings used and the average grain size
distribution of tailings from nine mines in Canada.

6.3.1.2 BINDER

In this research, Type I Portland cement (PC) - the most commonly applied binder in
paste tailings (PT) mixtures - served as the principal binding material. To enhance certain

mixtures, a supplementary cementitious material, ground granulated blast furnace slag (SG),
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was incorporated in selected cemented paste backfill (CPB) blends as a partial replacement for
PC. The choice behind using blended binders stemmed from both economic and environmental
considerations: Portland cement is relatively expensive, and its manufacturing process is
highly energy-intensive, releasing significant amounts of greenhouse gases. By contrast,
substituting part of the PC with SG not only lowers material costs but also reduces the overall
carbon footprint of the mixture. For simplicity, mixtures containing both PC and SG are
labelled “SG,” while those composed entirely of PC are denoted as “PC only.” In this study,
the two binders were combined in equal proportions (50:50 by weight). A summary of the

physical and chemical characteristics of PC and SG is provided in Table 3.3.

Table 3: Material characterization of PC and SG

Specific
Na:0 MgO ALOs SiO: K:O CaO TiOz MnO Fe:O3 LOI Relative surface area
density  (cm?g)

PCI  0.341 2.577 4.808 20.375 0.962 62.700 0.225 0.054 3.609 2.162 3.2 1300
Slag  0.284 11.782 10.59 35572 0.478 39.212  0.467 0298 0.621 0.388 2.8 2100
6.3.1.3 PYRITE

Commercial pyrite powder (FeS2, M.W. = 119.98) supplied by Washington Mills North
Grafton, Inc. was used. The grain size of this product is comparable to that of pyrite typically
occurring in natural tailings. Pyrite was blended with ST, PC, and SG to produce CPB-ST-PC
and CPB-ST-SG mixtures containing 0, 5, 15, and 45 wt.% pyrite. The physical properties of

the pyrite are listed in Table 4.

6.3.1.4 MIXING WATER AND SULPHATE CONCENTRATION
Distilled water was used to prepare all tailings—binder mixtures, with a constant water-

to-binder (w/b) ratio of 7.8. To simulate sulphate-rich conditions typical of paste tailings,
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ferrous sulphate heptahydrate (FeSOs-7H-0; M.W. = 278.01 g/mol) was adopted as the
sulphate source. In mine environments, sulphate ions mainly arise from pyrite (FeSz)
oxidation, making their influence on paste tailings permeability important to evaluate. Ferrous
sulphate was selected because it is a common sulphate phase in mine drainage and cemented
backfill. Accurately weighed amounts of FeSOa4-7H20 were dissolved in distilled water to
yield mixing solutions with sulphate concentrations of 0, 5,000, and 25,000 ppm, which were

then used to assess the effect of initial sulphate content on permeability.

Table 4: Material properties of pyrite

BULK DENSITY (g/cm?) DENSITY AT 20 °C SP. GRAVITY PH MELTING
(g/cm®) POINT
2.35 4.7 4.6 4.0-6.0 ~1,193

Sp: specific.

6.3.2 SPECIMEN PREPARATION AND MIX PROPORTIONS

The cemented mixtures examined in this study were prepared in accordance with the
experimental program summarized in Table 5. Silica tailings, pyrite, and binders were
accurately weighed using a laboratory balance and placed in a mechanical mixing bowl. The
dry powders were blended for 5 minutes with a KitchenAid mixer operating at a constant speed
setting (Speed 2) under ambient laboratory conditions. Subsequently, the premeasured volume
of tap water was added, and mixing continued for another 5 minutes to produce a uniform
paste. The resulting mixtures were cast into plastic cylindrical moulds (5 cm diameter x 10 cm
height) and cured following the procedure outlined in Table 5. The use of plastic moulds was
intended to approximate the dimensions of pipes commonly employed in field-scale PT

operations (Haiqgiang et al., 2016).
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Table 5: Experimental plan for hydraulic conductivity tests.

SAMPLE NAME TAILINGS TYPE BINDER TYPE BINDER CONTENT PYRITE CONTENT SULPHATE CONTENT CURING TIME
(Vol%) (wt.%) (ppm) (days)
Effect of pyrite content and binder type on hydraulic conductivity of CPB cured without air drying
PC-CPB-0% ST PCI (100%) 4.5 0 0 150
PC-CPB-5% ST+PY PCI (100%) 4.5 5 0 150
PC-CPB-15% ST+PY PCI (100%) 4.5 15 0 150
PC-CPB-45% ST+PY PCI (100%) 4.5 45 0 150
SG-CPB-0% ST PCI/SG (50/50) 4.5 0 0 150
SG-CPB-45% ST+PY PCI/SG (50/50) 4.5 45 0 150
Effect of pyrite content and binder type on hydraulic conductivity of CPB cured with air drying
PC-CPB-0% ST PCI (100%) 4.5 0 0 150
PC-CPB-5% ST+PY PCI (100%) 4.5 5 0 150
PC-CPB-15% ST+PY PCI (100%) 4.5 15 0 150
PC-CPB-45% ST+PY PCI (100%) 4.5 45 0 150
SG-CPB-0% ST PCI/SG (50/50) 4.5 0 0 150
SG-CPB-45% ST+PY PCI/SG (50/50) 4.5 45 0 150
Effect of sulphate concentration and pyrite content on the hydraulic conductivity of CPB cured without air drying
PC-CPB-0-Oppm ST PCI (100%) 4.5 0 0 150
PC-CPB-0-5000ppm ST PCI (100%) 4.5 0 5000 150
PC-CPB-0-25000ppm ST PCI (100%) 4.5 0 25000 150
PC-CPB-15-0ppm ST+PY PCI (100%) 4.5 15 0 150
PC-CPB-15-5000ppm ST+PY PCI (100%) 4.5 15 5000 150
PC-CPB-15-25000ppm ST+PY PCI (100%) 4.5 15 25000 150
SG-CPB-0-0ppm ST PCI/SG (50/50) 4.5 0 0 150
SG-CPB-0-25000ppm ST PCI/SG (50/50) 4.5 0 25000 150
SG-CPB-15-0ppm ST+PY PCI/SG (50/50) 4.5 15 0 150
SG-CPB-15-25000ppm ST+PY PCI/SG (50/50) 4.5 15 25000 150

Effect of sulphate concentration and pyrite content on the hydraulic conductivity of CPB cured with air drying

PC-CPB-0-Oppm ST PCI (100%) 45 0 0 150
PC-CPB-0-5000ppm ST PCI (100%) 45 0 5000 150
PC-CPB-0-25000ppm ST PCI (100%) 45 0 25000 150
PC-CPB-15-Oppm ST+PY PCI (100%) 45 15 0 150
PC-CPB-15-5000ppm  ST+PY PCI (100%) 45 15 5000 150
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PC-CPB-15-25000ppm  ST+PY

SG-CPB-0-Oppm ST
SG-CPB-0-25000ppm ST
SG-CPB-15-0Oppm ST+PY

SG-CPB-15-25000ppm  ST+PY

PCI (100%)

PCI/SG (50/50)
PCI/SG (50/50)
PCI/SG (50/50)
PCI/SG (50/50)

4.5
4.5
4.5
4.5
4.5

15
0
0
15
15

25000
0
25000
0
25000

150
150
150
150
150

PC/PCI: Portland cement type I; SG: Blast furnace slag; ST: silica tailings; PY: Pyrite; ppm: parts per million; Vol: Volumetric percentage; Wt.%: Weight percentage: PCI
(100%): Sample with 100% PCI; PCI/SG (50/50): Sample with 50% PCI and SG. With air drying: water evaporation is allowed during sample curing; Without air drying:

water evaporation is not allowed during sample curing.
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6.3.3 CURING CONDITIONS

To simulate practical field scenarios, two contrasting curing regimes were adopted: curing
without air exposure and curing with air exposure.

(a) Without Air Drying: In this condition, cylindrical moulds containing the paste tailings
mixtures were sealed to prevent contact with the atmosphere during curing. This setup
simulates deep underground conditions with limited oxidation. Under such conditions,
moisture retention is high, and oxygen ingress is minimal, thereby reducing the extent of

sulphide oxidation during curing.

(b) With Air Drying: In this condition, the tops of the cylindrical moulds were sealed for the
first 60 days to ensure proper hydration, then exposed to air for the remaining curing period
(60—150 days). This setup simulates ventilated or oxygen-rich mine zones, where oxygen
diffusion promotes pyrite oxidation and sulphate generation. The resulting reactions enable
evaluation of how oxidation processes influence the microstructure, permeability, and long-

term durability of the CPB.

6.3.4 TEST METHODS

6.3.4.1 HYDRAULIC CONDUCTIVITY TEST

The saturated hydraulic conductivity of the cured paste tailings specimens was
determined using a Tri-Flex 2 flexible-wall permeameter in accordance with ASTM D5084-
00, which specifies procedures for measuring the permeability of saturated soils. The constant-
head approach was employed, whereby a stable pressure gradient of 10 psi (69 kPa) was
imposed between the inflow and outflow burettes to drive water through the specimen. Prior
to testing, backpressure saturation was applied to remove entrapped air and achieve full

specimen saturation, a prerequisite for reliable hydraulic conductivity measurements.
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Saturation was confirmed once a steady-state flow was established. The flexible-wall
configuration further ensured that flow was confined to the specimen by eliminating side
leakage. Each measurement was repeated twice to verify consistency and reproducibility. This
testing method was selected because it closely replicates in-situ stress conditions while
providing accurate determinations of hydraulic conductivity in fine-grained and cemented

materials.

6.3.4.2 MICROSTRUCTURAL ANALYSIS

The microstructural features (e.g., pore network and hydration products) and physical
parameters (void ratio, porosity, and density) of selected paste tailings specimens were
systematically examined to track the internal evolution of cemented paste tailings (CPB) over
time. Prior to testing, samples were oven-dried at 45 °C for five days to minimize moisture-
related variability. Scanning electron microscopy (SEM) was conducted to observe the
morphology and microstructural development of hydration products and to provide visual
evidence of pore structure evolution. X-ray diffraction (XRD) was additionally conducted to
identify cement hydration phases. Gravimetric water content (w%) and bulk density were
measured following ASTM D2216-10 and ASTM D7263-09, respectively. Based on these

data, void ratio (e) and porosity (n) were subsequently calculated for each specimen.
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6.4 RESULTS AND DISCUSSION

6.4.1 PERMEABILITY RESPONSE OF PYRITE-BEARING CEMENTED PASTE
TAILINGS UNDER NON-AIR-DRIED CONDITIONS.

The effect of pyrite content and binder type on the coefficient of permeability (k) of
CPB samples cured under sealed (no air-drying) conditions is illustrated in Figure 2.
According to the graphs, a distinct upward trend in permeability is observed with increasing
pyrite content in both figures, and this incremental pattern is also noticed irrespective of the
binder type. These results indicate that sulphide-bearing tailings significantly affect the
hydraulic performance of the backfill. For the PC-CPB samples (Figure 2a), the permeability
increased from approximately 8.6 x 1077 cm/s at 0 % pyrite to 2.5 x 1076 cm/s at 45 % pyrite,
which is nearly a threefold increase. This indicates that as the concentration of pyrite in the
tailings increases, the hydraulic sealing capacity of the backfill significantly decreases, thereby

allowing easier movement of water or pore fluid through the backfill matrix.
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Figure 2: Effect of pyrite content on the permeability of (a) Cemented paste backfill (CPB)
with PC and (b) paste tailings stabilized with different binder types (PC-CPB and SG-CPB)

cured for 150days.

Regardless of the sealed conditions, the observed increase in permeability in Figure
2(a) can be attributed to limited oxygen entrapped within the paste or introduced during
mixing, which may have initiated partial oxidation of pyrite (FeS:). The oxidation process may
have generated ferrous and ferric sulphates along with sulphuric acid, consequently altering

the pore structure and enhancing fluid transport pathways within the matrix. This interpretation
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aligns with Moses et al. (1987), who demonstrated that pyrite oxidation can proceed in both
aerobic and anaerobic systems through direct oxidation by Fe (III), confirming that complete
oxygen exclusion does not halt pyrite oxidation. The products of this oxidation process can
react with cement compounds (C3A) and hydrates, particularly calcium hydroxide, leading to
the formation of secondary expansive or soluble minerals such as gypsum, ettringite, and iron
hydroxides (Schmidt et al., 2011; Rodrigues et al., 2012). The formation and subsequent
dissolution of these phases may create micro-voids, cracks, and interconnected pore channels
within the hardened matrix, facilitating the passage of fluids (Tariq and Nehdi, 2007; Fall et
al. 2009). These interpretations are supported by XRD results (Figure 3), which confirm the
formation of secondary sulphate minerals indicative of pyrite oxidation. For the PC-CPB
sample containing 0% pyrite, the dominant crystalline phases identified were portlandite
(Ca(OH)2) and quartz, indicating normal hydration of Portland cement, which progressively
fills and seals the capillary pores, maintaining a dense and stable matrix (Li and Fall, 2018;
Marchon et al., 2016). The quartz peaks originate from the silica-rich tailings used in the mix.
In contrast, the PC-CPB sample with 45% pyrite shows distinct secondary sulphate phases
such as ettringite and intensified gypsum peaks, along with noticeably reduced portlandite
intensity. These mineralogical transformations confirm that pyrite oxidation released sulphate
ions, which reacted with available calcium hydroxide to form expansive ettringite, thereby
disrupting the matrix integrity and enhancing pore connectivity (Edwards et al., 1999;
Casanova et al., 1997; Lee et al., 2005), ultimately accounting for the higher permeability
observed in the 45% pyrite sample. Moreover, the reduced intensity of portlandite peaks
further supports this reaction pathway, implying consumption of Ca (OH). during secondary
sulphate formation. These claims and explanations are further supported by physical tests
(Figure 4) that studied the physical structure compaction of the samples. According to the

graph, the void ratio of the PC-CPB samples increased while the dry density decreased with
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increasing pyrite content, indicating greater porosity and reduced matrix compactness as the

sulphide content rose (Sicakova and Kovac, 2020).
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Figure 3: X-ray diffraction (XRD) patterns of Cemented Paste Backfill (PC-CPB) at (a) 0%
and (b) 45% pyrite content after a 150-day curing period.
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Figure 4: Effect of increased pyrite content on void ratio and dry density of PC-CPB after 150

curing days.

Figure 2 also shows the comparison between binder systems under the same curing
condition of 150 days. The results (Figure 2b) revealed that permeability values were slightly
higher in the SG-CPB mixtures than in the PC-based ones. At 0 % pyrite, the SG-CPB sample
recorded a permeability of about 1.9 x 10~ cm/s, which was higher than the 8.6 x 1077 cm/s
measured for the corresponding PC-CPB. At 45 % pyrite, both binders exhibited an increase in
permeability, with the PC-CPB reaching approximately 2.5 x 10°¢ cm/s, while the SG-CPB
showed a slightly higher value of around 2.95 x 10°¢ cm/s. Overall, the results indicate that the
permeability of the CPB increases with increasing pyrite content regardless of the binder type.
However, SG-CPB consistently displayed marginally higher permeability values than PC-CPB
under no-air-drying conditions. The higher baseline permeability in SG-CPB can be linked to
how the binder hydrates and how pyrite reacts within the mix. Portland cement reacts quickly
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with water, forming dense compounds like calcium silicate hydrate, calcium hydroxide, and
ettringite that create a compact structure and limit water flow (Celestin and Fall, 2009; Fall et
al., 2009). Slag, on the other hand, hydrates more slowly and needs a highly alkaline
environment to react fully. Under sealed curing, where moisture and alkalinity are limited, slag
doesn’t hydrate as completely, leaving more unreacted particles and a more open, porous
structure (Demirboga, 2007; Fall et al., 2009; Haruna and Fall, 2022). In addition, the presence
of trapped oxygen can oxidize pyrite (FeS:), producing sulphates and sulphuric acid that lower
the pH, weaken cement compounds, and form minerals like gypsum, which create small flow
paths in the material (Moses et al., 1985; Whittaker and Black, 2015). Since slag hydration is
sensitive to pH changes, these oxidation effects have a stronger impact on SG-CPB, leading to
a slightly looser structure and higher permeability compared to PC-CPB. The XRD (Figure 5)
and SEM (Figure 6) results for both SG-CPB and PC-CPB samples with 45% pyrite (Figure 5)
further confirm the earlier assertions. In the SG-CPB sample, lower peaks of portlandite
(Ca(OH),) were observed along with visible C.S/CsS and minor Ca (OH)2 peaks. The presence
of a lower amount of portlandite, together with unhydrated silicate phases, indicates incomplete
hydration (Pokharel and Fall, 2013). This is likely due to the slower reaction rate of slag and
the inhibitory effect of sulphate ions generated during pyrite oxidation. The PC-CPB sample
showed intense Ca(OH): (portlandite) and ettringite peaks, with moderate C>S/CsS reflections.
The higher portlandite content reflects more complete hydration of silicate phases, which is
typical of Portland cement systems (Li and Fall, 2018; Marchon et al., 2016). Although
ettringite and residual gypsum were still detected, indicating the influence of sulphate
reactions, the overall structure appeared denser and more consolidated due to greater C-S-H
and portlandite formation. These XRD findings (Figure 5) align with the permeability results

in Figure 2, confirming that under the same pyrite-rich and sealed curing conditions, SG-CPB
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develops a more porous and permeable structure than PC-CPB. The XRD results are further

corroborated by SEM results (Figure 6).
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Figure 5: X-ray diffraction (XRD) patterns of cemented paste backfill (CPB) samples with
45% pyrite content cured for 150 days, comparing (a) slag-based (SG-CPB) and (b) Portland
cement-based (PC-CPB) systems.
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The SEM observations provide direct visual evidence of the microstructural differences
between the PC-CPB and pyrite SG-CPB samples under the 45% pyrite-rich sealed curing
conditions. The PC-CPB sample (Figure 6a) showed a relatively dense and compact
microstructure, with fewer and smaller pores. The matrix surrounding the tailings particles
appears continuous, indicating that hydration products from Portland cement effectively filled
and bridged inter-particle voids. The formation of C—S—H gel and portlandite (CH) improves
particle bonding and refines the pore structure, producing a tighter matrix with limited pore
connectivity, which restricts fluid flow (Celestin and Fall, 2009; Fall et al., 2009) and
contributes to the lower permeability observed in PC-CPB. The SG-CPB sample (Figure 6b)
exhibited a more heterogeneous and porous microstructure, with larger and more pores
distributed within the matrix. The pores appear more open and interconnected, suggesting that
the slag—cement binder did not fill the void spaces as effectively under the same curing
conditions and pyrite content. This behaviour is associated with the slower hydration kinetics
of slag-based binders, which delay the formation of dense hydration products and allow a
greater number of voids to remain within the structure, resulting in a coarser pore network and
greater pore connectivity (Demirboga, 2007; Fall et al., 2009; Haruna and Fall, 2022). Hence,
the SEM observations support the XRD mineralogical findings and permeability results,
indicating that SG-CPB develops a more porous and interconnected pore structure than PC-
CPB, thereby facilitating water migration through the matrix and resulting in higher

permeability.
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Furthermore, it can also be deduced from Figure 2b that the permeability of PC-CPB
increases by approximately 191% as the pyrite content increases from 0% to 45%, whereas the
corresponding increase in SG-CPB is about 53% over the same range. This indicates that PC-
CPB is more sensitive to sulphate attack associated with pyrite oxidation. The greater
susceptibility of PC-CPB is likely related to the more extensive formation of secondary
sulphate-bearing phases, such as ettringite and gypsum, particularly in the 45% PC-CPB
mixture. This interpretation is supported by the XRD patterns in Figure 5, where ettringite and
gypsum peaks are more pronounced in PC-CPB than in SG-CPB, consistent with the greater
permeability increase observed. The formation of these expansive sulphate phases can generate
internal stresses within the cemented matrix, leading to microcracking, pore enlargement, and
increased pore connectivity, which promote fluid migration and reduce durability. Thus, while
SG-CPB may exhibit relatively higher permeability, it provides improved durability under
pyrite-rich conditions by limiting sulphate-induced deterioration and slowing permeability
development. These findings highlight the importance of binder selection in controlling the

long-term environmental and geotechnical performance of cemented paste backfill systems.
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6.4.2 INFLUENCE OF PYRITE OXIDATION ON THE PERMEABILITY
CHARACTERISTICS OF CEMENTED PASTE TAILINGS UNDER SEALED AND
AIR-DRIED CONDITIONS

In field scenarios, it's common for pyrite-bearing tailings to undergo oxidation prior to
their backfill applications, primarily due to exposure to air. This oxidation process can lead to
the release of a substantial quantity of sulphate ions into the pore water of the tailings intended
for CPB preparation. Consequently, CPB produced from these tailings carries a notable
sulphate content, potentially influencing its permeability. To evaluate the impacts of pyrite
oxidation on CPB permeability, this study investigates the permeability effect of CPB with and
without oxidation at varying pyrite concentrations. Based on the results presented in Figure 7,
the samples with 0% pyrite concentration recorded the lowest permeability, approximately
9.7x1077 cm/s for air-dried and 8.5%1077 cm/s for sealed curing. This low permeability can be
attributed to the formation of dense hydration products such as calcium silicate hydrate (C-S-
H) and calcium hydroxide (Ca (OH).), which effectively fill the pore spaces within the backfill
matrix, leading to a compact structure that restricts fluid flow (Li and Fall, 2018; Marchon et
al., 2016). As the pyrite content increases to 5% and 15%, the permeability rises to about
1.6x107%-1.8x10°¢ cm/s for air-dried samples and 1.4x1076-1.5x10¢% cm/s for those cured
under sealed conditions. At 45% pyrite content, the permeability reaches its highest value,
approximately 2.69x107°¢ cm/s for air-dried and 2.5%x107¢ cm/s for sealed samples, which
represents almost a threefold increase relative to the 0% pyrite condition. The increment in
permeability is primarily due to the oxidation of pyrite (FeS:), which releases sulphate ions
(S0O4*) that promote the formation of expansive secondary minerals such as ettringite and
gypsum (Jana, 2022; Guirguis and Shehata., 2018; Jeyakaran et al., 2021). While these phases
can initially fill voids and reduce permeability, their continued formation and expansion
eventually cause microcracking and increased pore connectivity, resulting in higher

permeability (Sicakova and Kovac,2020).
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Figure 7: Effect of pyrite content and pyrite oxidation on the permeability of PC-CPB under

air-drying and sealed conditions after 150 curing days.

These observed results find validity in the XRD results given in Figure 8, which
illustrate that the non-air-dried (sealed) samples (8a) had dominant peaks of calcium silicate
hydrate (C-S-H) and calcium hydroxide (Ca (OH)2), with only minor traces of ettringite and
gypsum, indicating normal cement hydration and a dense microstructure that reduces the flow
of fluids. In contrast, the air-dried samples (8b) displayed stronger peaks of gypsum and
ettringite alongside reduced C-S-H intensity, confirming that exposure to air accelerates pyrite
oxidation and sulphate generation. The pronounced presence of these expansive sulphate-
bearing minerals under air-drying conditions causes internal stress, cracking, and increased

pore connectivity, consistent with the observed increase in permeability noted in the graphs and
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the explanation for Figure 7. These results are consistent with the findings of Aldhafeeri and

Fall (2016), who examined the oxidized and unoxidized layers of pyrite-bearing cemented

paste backfill (CPB). Their XRD analysis revealed significantly higher concentrations of

secondary expansive phases, such as gypsum and ettringite, in the oxidized layer compared to

the unoxidized one. The authors further highlighted that the phases formed as a result of

reactions between sulphate ions generated from pyrite oxidation and portlandite produced

during cement hydration (Fall and Pokharel, 2010). Moreover, the appearance of calcium

carbonate (CaCO:s) also reflects carbonation reactions from air exposure, further evidencing

the chemical alterations induced by oxidation (Savija and Lukovic, 2016).
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Figure 8: X-ray diffraction (XRD) patterns of (a) PC-CPB-45% pyrite (no air-drying) and (b)
PC-CPB-45% pyrite (air-drying) after 150 curing days.

In agreement with the XRD results, the SEM observations presented in Figure (9)
further provide additional microstructural evidence to support the role of oxygen ingress in
promoting pyrite oxidation. The sealed 45% pyrite CPB specimen shows a relatively compact
and continuous cementitious matrix, where tailings particles are partially embedded within
hydration products and pore connectivity is limited, indicating restricted oxygen ingress and
reduced pyrite oxidation. However, the air-dried samples show a more heterogeneous and
porous structure, characterized by exposed particles, enlarged voids, and a less continuous
matrix. This microstructural evolution reflects oxidation-induced deterioration, where sulphate
released from pyrite oxidation promotes the formation of gypsum and ettringite, leading to
microcracking and pore coarsening. Overall, the SEM, XRD, and permeability results confirm

that oxygen ingress intensifies pyrite oxidation, progressively modifying the CPB
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microstructure and increasing pore connectivity, which ultimately results in higher hydraulic

conductivity.

=

WD12m

Figure 9: SEM micrographs of (a) PC-CPB-45% pyrite (no air-drying) and (b) PC-CPB-
45%pyrite (air-drying) after 150 curing days.
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This study also examined the effect of pyrite oxidation on different binder systems, and
the results (Figure 10) show that the influence of pyrite oxidation follows the same pattern as
the earlier findings, regardless of the binder type. As previously explained in the preceding
sections, air-dried samples consistently displayed higher permeability due to accelerated pyrite
oxidation, which promotes sulphate formation and the development of expansive minerals like
gypsum and ettringite. The observed trend of slag-based CPB (SG-CPB) exhibiting higher
permeability than Portland cement-based CPB (PC-CPB) is also attributed to the slower
hydration rate of slag, which reduces matrix densification and increases its susceptibility to
sulphate attack, as discussed earlier (Demirboga, 2007; Fall et al., 2009; Haruna and Fall,
2022). Thus, these results highlight the importance of considering oxidation effects during CPB
preparation and placement, as prolonged exposure to air can compromise the material’s

durability and hydraulic performance.

H Air drying

3.50E-06 ® No air drying

3.00E-06

2.50E-06
2.00E-06
1.50E-06
1.00E-06
5.00E-07 I I
0.00E+00

PC-CPB 0% Pyrite SG-CPB 0% Pyrite PC-CPB 45% Pyrite = SG-CPB 45% Pyrite
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Figure 10: Effect of pyrite oxidation on the permeability of CPB stabilized with different

binder types (PC-CPB and SG-CPB) at 150days curing time
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6.4.3 INFLUENCE OF INITIAL SULPHATE CONCENTRATION ON THE
PERMEABILITY BEHAVIOUR OF CEMENTED PASTE TAILINGS UNDER
SEALED AND AIR-DRIED CONDITIONS

In practice, one of the key factors leading to the initial presence of sulphate ions in
freshly prepared CPB is the presence and partial oxidation of sulphide minerals (e.g., pyrite).
Therefore, the combined effects of sulphate concentration and pyrite content on CPB
permeability were investigated. The results depicted in Figures 11(a) and 11(b) illustrate the
role of initial sulphate content and pyrite content on the permeability response of CPB under
sealed and air-dried conditions. Across all samples, the permeability coefficient increased
progressively with increasing sulphate content and pyrite concentration, regardless of the
binder type. However, the magnitude of increase varied notably between the different
concentrations and binder systems.

Under sealed conditions, the permeability values remained generally lower compared
to the air-dried samples, suggesting that limited oxygen availability under sealed curing slowed
pyrite oxidation and subsequent sulphate generation. In the Portland cement-based CPB (PC-
CPB), permeability increased from approximately 8.8x1077 cm/s at 0 ppm sulphate to about
2.8x107¢ cm/s at 25,000 ppm for samples without pyrite, and further to around 3.5%107¢ cm/s
when 15% pyrite was incorporated. A similar pattern was observed for the slag-based CPB
(SG-CPB), where permeability increased sharply with sulphate enrichment, particularly at
25,000 ppm, reaching nearly 7.5%107¢ cm/s for samples containing 15% pyrite. This behaviour
can be attributed to the release of sulphate ions from both the initial sulphate salts and partial
oxidation of pyrite during mixing, which disrupted the microstructure by promoting the
formation of expansive minerals such as ettringite and gypsum. These secondary products exert
internal stress, induce microcracking, and increase pore connectivity within the backfill matrix,

leading to higher hydraulic conductivity.
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The air-dried samples consistently exhibited higher permeability across all binder and
sulphate content combinations. This behaviour is attributed to the accelerated pyrite oxidation
caused by greater oxygen exposure during the drying process. The oxidation process generates
ferrous and ferric sulphates, as well as sulphuric acid, which attack key hydration products such
as calcium silicate hydrate (C-S-H) and calcium hydroxide (Ca(OH):), weakening the
cementitious matrix. The consequent formation of more abundant ettringite and gypsum
crystals further expands the pore network, facilitating fluid flow. For instance, the permeability
of SG-CPB with 25,000 ppm sulphate and 15% pyrite increased to nearly 1.0x107% cm/s, about

twice that of its sealed counterpart.
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Figure 11: Effect of initial sulphate, pyrite content and oxidation on the permeability of CPB
exposed to a) No-air drying and b) Air-drying conditions.

In support of the permeability results presented in Figure 11(a), the void ratio and dry
density trends shown in Figure 12 further confirm the microstructural degradation of CPB with
increasing sulphate and pyrite contents. As sulphate concentration and pyrite content increased,
there was a noticeable increment in the void ratio of PC-CPB, while the dry density decreased,
particularly under air-dried conditions. This confirms a widened pore network and reduced
matrix compactness due to the formation of expansive minerals such as ettringite and gypsum.

Overall, these results demonstrate that both initial sulphate content and pyrite-induced sulphate
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generation exert a strong influence on CPB permeability, with the effects being more

pronounced under air-dried conditions and in slag-blended systems. The findings highlight the

critical interplay between binder reactivity, curing environment, and sulphide oxidation

processes in governing the hydraulic performance and long-term stability of sulphide-bearing

backfill materials.
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Figure 12: Effect of initial sulphate content and pyrite content on the Void ratio and dry density

of a) PC-CPB samples and b) SG-CPB samples after 150 curing days.
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4.0 SUMMARY AND CONCLUSIONS

This study examined the effect of pyrite content, pyrite oxidation, initial sulphate

concentration, and binder type on the permeability and microstructure of pyrite-bearing

cemented paste tailings (CPB) under sealed and air-dried curing conditions. The key findings

based on the results are summarized below;

Increasing pyrite content significantly raised the permeability of CPB under both sealed
and air-dried conditions. The rise was linked to pyrite oxidation, which created expansive
minerals such as ettringite and gypsum. These secondary phases caused internal stress,
cracking, and pore coarsening, leading to higher void ratios and lower dry densities.
Air-dried samples consistently displayed higher permeability than sealed ones due to
accelerated oxidation from oxygen exposure. Even under sealed conditions, limited internal
oxidation caused microstructural weakening, demonstrating that pyrite-bearing systems
remain vulnerable without strict oxygen control.

Binder composition played a significant role in the hydraulic performance. Portland
cement-based systems exhibited lower baseline permeability than slag-blended systems,
owing to their higher portlandite content and faster hydration. In contrast, slag-blended
binders showed lower susceptibility to sulphate-induced deterioration as pyrite and/or
sulphate contents increased.

Elevated initial sulphate concentrations further increased permeability, particularly when
combined with high pyrite levels. The interaction between pre-existing sulphates and

oxidation-derived ions intensified expansive mineral formation and microcracking.

In conclusion, this study shows that pyrite oxidation, sulphate content, and binder type have

a significant impact on the hydraulic behaviour and long-term durability of cemented paste

backfill (CPB). Hence, there is a strong need to select appropriate binders and minimize
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oxidation and sulphate exposure during backfill preparation. Future research should focus on
understanding the interactions between chemical processes and field conditions to further

enhance the durability and sustainability of CPB systems.

242



Chapter 6. Technical Paper IV

5.0 REFERENCES

Abdul-Hussain, A., Fall, M., & Su, G. (2011, October 2—6). Evolution of hydraulic and mechanical
properties of gelfill. /n Proceedings of the 14th PanAmerican Conference on Soil Mechanics
and Geotechnical Engineering (PCSMGE) and the 64th Canadian Geotechnical Conference
(CGC), Toronto, ON, Canada.

Abdul-Hussain, N., & Fall, M. (2011). Unsaturated hydraulic properties of cemented tailings
backfill that contains sodium silicate. Engineering Geology, 123(4), 288-301.
https://doi.org/10.1016/j.enggeo.2011.07.011

Abdul-Hussain, N., & Fall, M. (2012). Thermo-hydro-mechanical behaviour of sodium silicate-
cemented paste tailings in column experiments. Tunnelling and Underground Space
Technology, 29, 85-93. https://doi.org/10.1016/j.tust.2012.01.004

Aldhafeeri, Z., & Fall, M. (2017). Sulphate induced changes in the reactivity of cemented tailings
backfill. International ~ Journal  of  Mineral  Processing, 166, 13-23.
https://doi.org/10.1016/j.minpro.2017.06.007

Argane, R., Benzaazoua, M., Hakkou, R., & Bouamrane, A. (2015). Reuse of base-metal tailings
as aggregates for rendering mortars: Assessment of immobilization performances and
environmental behavior.  Construction &  Building  Materials, 96, 296-306.
https://doi.org/10.1016/j.conbuildmat.2015.08.029

Benzaazoua, M., Ouellet, J., Servant, S., Newman, P., & Verburg, R. (1999). Cementitious
backfill with high sulfur content Physical, chemical, and mineralogical characterization.
Cement and Concrete Research, 29(5), 719-725. https://doi.org/10.1016/S0008-
8846(99)00023-X

Bian, J., Fall, M., & Haruna, S. (2021). Sulfate-induced changes in rheological properties of fibre-
reinforced cemented paste backfill. Magazine of Concrete Research, 73(11), Article 1900311.
https://doi.org/10.1680/jmacr.19.00311

Boldt, C. M. K., Levens, R. L., & Marcy, A. D. (1996). Environmental impacts of cemented mine
waste  backfill ~(Mining  Publications).  United States Bureau of  Mines.
https://stacks.cdc.gov/view/cdc/9518

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, Article 110772. https://doi.org/10.1016/j.jenvman.2020.110772

Cacciuttolo Vargas, C., & Marinovic Pulido, A. (2022). Sustainable Management of Thickened
Tailings in Chile and Peru: A Review of Practical Experience and Socio-Environmental
Acceptance. Sustainability, 14(17), 10901. https://doi.org/10.3390/su141710901

Casanova, I., Aguado, A., & Agullo, L. (1997). Aggregate expansivity due to sulfide oxidation —

II. Physico-chemical modeling of sulfate attack. Cement and Concrete Research, 27(11), 1627—
1632. https://doi.org/10.1016/S0008-8846(97)00148-8

243


https://doi.org/10.1016/j.enggeo.2011.07.011
https://doi.org/10.1016/j.tust.2012.01.004
https://doi.org/10.1016/j.minpro.2017.06.007
https://doi.org/10.1016/j.conbuildmat.2015.08.029
https://doi.org/10.1016/S0008-8846(99)00023-X
https://doi.org/10.1016/S0008-8846(99)00023-X
https://doi.org/10.1680/jmacr.19.00311
https://stacks.cdc.gov/view/cdc/9518
https://doi.org/10.1016/j.jenvman.2020.110772
https://doi.org/10.3390/su141710901
https://doi.org/10.1016/S0008-8846(97)00148-8

Chapter 6. Technical Paper IV

Célestin, J. C. H., & Fall, M. (2009). Thermal conductivity of cemented paste backfill material
and factors affecting it. International Journal of Mining, Reclamation and Environment, 23(4),
274-290. https://doi.org/10.1080/17480930902731943

Czerewko, M. A., Cripps, J. C., Reid, J. M., & Duffell, C. G. (2003). Sulfur species in geological
materials—sources and quantification. Cement & Concrete Composites, 25(7), 657-671.
https://doi.org/10.1016/S0958-9465(02)00066-5

Demirboga, R. (2007). Thermal conductivity and compressive strength of concrete incorporation
with  mineral  admixtures. Building and  Environment, 42(7), 2467-2471.
https://doi.org/10.1016/j.buildenv.2006.06.010

Edwards, K. J., Goebel, B. M., Rodgers, T. M., Schrenk, M. O., Gihring, T. M., Cardona, M. M.,
Hu, B., McGuire, M. M., Hamers, R. J., Pace, N. R., & Banfield, J. F. (1999). Geomicrobiology
of Pyrite (FeS2) Dissolution: Case Study at Iron Mountain, California. Geomicrobiology
Journal, 16(2), 155-179. https://doi.org/10.1080/014904599270668

Ercikdi, B., Cihangir, F., Kesimal, A., & Deveci, H. (2017). Practical Importance of Tailings
for Cemented Paste Backfill. In M. Fall & E. Yilmaz (Eds.), Paste Tailings Management (pp.
7-32). Springer International Publishing AG. https://doi.org/10.1007/978-3-319-39682-8 2

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. https://doi.org/10.1016/j.cemconres.2004.05.020

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. https://doi.org/10.1016/j.cemconres.2004.05.020

Fall, M., & Pokharel, M. (2010). Coupled effects of sulphate and temperature on the strength
development of cemented tailings backfills: Portland cement-paste backfill. Cement &
Concrete Composites, 32(10), 819-828. https://doi.org/10.1016/j.cemconcomp.2010.08.002

Fall, M., Adrien, D., Célestin, J. C., Pokharel, M., & Tour¢, M. (2009). Saturated hydraulic
conductivity of cemented paste backfill. Minerals Engineering, 22(15), 1307-1317.
https://doi.org/10.1016/;.mineng.2009.08.002

Fall, M., Belem, T., Samb, S., & Benzaazoua, M. (2007). Experimental characterization of the
stress—strain behaviour of cemented paste backfill in compression. Journal of Materials
Science, 42(11), 3914-3922. https://doi.org/10.1007/s10853-006-0403-2

Fall, M., Benzaazoua, M., & Saa, E. G. (2008). Mix proportioning of underground cemented
tailings backfill. Tunnelling and Underground Space Technology, 23(1), 80-90.
https://doi.org/10.1016/].tust.2006.08.005

Fall, M., Célestin, J. C., Pokharel, M., & Touré, M. (2010). A contribution to understanding the

effects of curing temperature on the mechanical properties of mine cemented tailings backfill.
Engineering Geology, 114(3), 397-413. https://doi.org/10.1016/j.enggeo.2010.05.016

244


https://doi.org/10.1080/17480930902731943
https://doi.org/10.1016/S0958-9465(02)00066-5
https://doi.org/10.1016/j.buildenv.2006.06.010
https://doi.org/10.1080/014904599270668
https://doi.org/10.1007/978-3-319-39682-8_2
https://doi.org/10.1016/j.cemconres.2004.05.020
https://doi.org/10.1016/j.cemconres.2004.05.020
https://doi.org/10.1016/j.cemconcomp.2010.08.002
https://doi.org/10.1016/j.mineng.2009.08.002
https://doi.org/10.1007/s10853-006-0403-2
https://doi.org/10.1016/j.enggeo.2010.05.016

Chapter 6. Technical Paper IV

Ghirian, A., & Fall, M. (2013). Coupled thermo-hydro-mechanical-chemical behaviour of
cemented paste backfill in column experiments. Part I: Physical, hydraulic and thermal

processes and characteristics. Engineering Geology, 164, 195-207.
https://doi.org/10.1016/j.enggeo.2013.01.015

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.
https://doi.org/10.1016/j.enggeo.2013.12.004

Godbout, J., 2005. Evolution des proprieties des remblais miniers cimentés en pate durant le
curage. Mémoire de Maitrise, Ecole Polytechnique de Montréal (212 pp.).

Haruna, S., & Fall, M. (2022). Insight into Saturated Hydraulic Conductivity of Cemented Paste
Backfill Containing Polycarboxylate Ether-Based Superplasticizer. Minerals (Basel), 12(1),
Article 93. https://doi.org/10.3390/min12010093

Ke, X., Zhou, X., Wang, X., Wang, T., Hou, H., & Zhou, M. (2016). Effect of tailings fineness on
the pore structure development of cemented paste backfill. Construction & Building Materials,
126, 345-350. https://doi.org/10.1016/j.conbuildmat.2016.09.052

Kesimal, A., Ercikdi, B., & Yilmaz, E. (2003). The effect of desliming by sedimentation on paste
backfill performance. Minerals Engineering, 16(10), 1009-1011.
https://doi.org/10.1016/S0892-6875(03)00267-X

Kesimal, A., Yilmaz, E., Ercikdi, B., Alp, 1., & Deveci, H. (2005). Effect of properties of tailings
and binder on the short-and long-term strength and stability of cemented paste backfill.
Materials Letters, 59(28), 3703—3709. https://doi.org/10.1016/j.matlet.2005.06.042

Klein, K., & Simon, D. (2006). Effect of specimen composition on the strength development in
cemented paste backfill. Canadian  Geotechnical Journal, 43(3), 310-324.
https://doi.org/10.1139/t06-005

Lee, H., Cody, R. D., Cody, A. M., & Spry, P. G. (2005). The formation and role of ettringite in
Iowa highway concrete deterioration. Cement and Concrete Research, 35(2), 332-343.
https://doi.org/10.1016/j.cemconres.2004.05.029

Li, W., & Fall, M. (2018). Strength and self-desiccation of slag-cemented paste backfill at early
ages: Link to initial sulphate concentration. Cement & Concrete Composites, 89, 160—168.
https://doi.org/10.1016/j.cemconcomp.2017.09.019

Mahlaba, J. S., Kearsley, E. P., & Kruger, R. A. (2011). Physical, chemical and mineralogical
characterisation of hydraulically disposed fine coal ash from SASOL Synfuels. Fuel
(Guildford), 90(7), 2491-2500. https://doi.org/10.1016/j.fuel.2011.03.022

Marchon, D., Sulser, U., Eberhardt, A., & Flatt, R. J. (2016). Molecular design of comb-shaped
polycarboxylate dispersants for environmentally friendly concrete. Soft Matter, 12(3), 725—
734. https://doi.org/10.1039/C5SMO01913]J

245


https://doi.org/10.1016/j.enggeo.2013.01.015
https://doi.org/10.1016/j.enggeo.2013.12.004
https://doi.org/10.3390/min12010093
https://doi.org/10.1016/j.conbuildmat.2016.09.052
https://doi.org/10.1016/S0892-6875(03)00267-X
https://doi.org/10.1016/j.matlet.2005.06.042
https://doi.org/10.1139/t06-005
https://doi.org/10.1016/j.cemconres.2004.05.029
https://doi.org/10.1016/j.cemconcomp.2017.09.019
https://doi.org/10.1039/C5SM01913J

Chapter 6. Technical Paper IV

Martins, N. P., Helser, J., Plotze, M., Snellings, R., & Habert, G. (2024). Effect of sulfidic mine
tailings used as mineral admixtures on the hydration of common and alternative cements.
Materials and Structures, 57(1), Article 19. https://doi.org/10.1617/s11527-023-02289-

Martins, N. P., Srivastava, S., Simao, F. V., Niu, H., Perumal, P., Snellings, R., Illikainen, M.,
Chambart, H., & Habert, G. (2021). Exploring the Potential for Utilization of Medium and
Highly Sulfidic Mine Tailings in Construction Materials: A Review. Sustainability, 13(21),
Article 12150. https://doi.org/10.3390/sul132112150

Oyewale, Miracle., Fall, M., & Ghirian, A. (2025). Flow characteristics of paste tailings in surface
disposal: the role of pyrite content. Environmental Science and Pollution Research
International, 32(11), 6446—6467. https://doi.org/10.1007/s11356-025-36051-w

Moses, C. O., Kirk Nordstrom, D., Herman, J. S., & Mills, A. L. (1987). Aqueous pyrite oxidation
by dissolved oxygen and by ferric iron. Geochimica et Cosmochimica Acta, 51(6), 1561-1571.
https://doi.org/10.1016/0016-7037(87)90337-1

Nasir, O., & Fall, M. (2010). Coupling binder hydration, temperature and compressive strength
development of underground cemented paste backfill at early ages. Tumnelling and
Underground Space Technology, 25(1), 9-20. https://doi.org/10.1016/.tust.2009.07.008

Ouattara, D., Yahia, A., Mbonimpa, M., & Belem, T. (2017). Effects of superplasticizer on
rheological properties of cemented paste backfills. International Journal of Mineral
Processing, 161, 28—40. https://doi.org/10.1016/j.minpro.2017.02.003

Pokharel M, Fall M (2013) Combined influence of sulphate and temperature on the saturated
hydraulic conductivity of hardened cemented paste backfll. Cem Concr Compos 38:21-28.
https:// doi.org/10.1016/j.cemconcomp.2013.03.015

Qi, C., & Fourie, A. (2019). Cemented paste backfill for mineral tailings management: Review
and  future  perspectives.  Minerals  Engineering, 144,  Article 106025.
https://doi.org/10.1016/j.mineng.2019.106025

Rodrigues A, Duchesne J, Fournier B, Durand B, Rivard P, Shehata M (2012) Mineralogical and
chemical assessment of concrete damaged by the oxidation of sulfidebearing aggregates:

importance of thaumasite formation on reaction mechanisms. Cem Concr Res 42(10):1336—
1347. https://doi.org/10.1016/j.cemconres.2012.06.008

Schmidt T, Leemann A, Gallucci E, Scrivener KL (2011) Physical and microstructural aspects of
iron sulfde degradation in concrete. @Cem  Concr Res 41(3):263-269.
https://doi.org/10.1016/j.cemconres. 2010.11.011

Sheshpari, Morteza (Mori). (2015). A review of underground mine backfilling methods with
emphasis on cemented paste backfill. Electronic Journal of Geotechnical Engineering. 20.
5183-5208.

Sicakova, Alena & Kovac, Marek. (2020). Relationships between Functional Properties of
Pervious Concrete. Sustainability. 12. 6318. 10.3390/sul2166318.

246


https://doi.org/10.1617/s11527-023-02289-
https://doi.org/10.3390/su132112150
https://doi.org/10.1007/s11356-025-36051-w
https://doi.org/10.1016/0016-7037(87)90337-1
https://doi.org/10.1016/j.tust.2009.07.008
https://doi.org/10.1016/j.minpro.2017.02.003
https://doi.org/10.1016/j.mineng.2019.106025
https://doi.org/10.1016/j.cemconres.2012.06.008
https://doi.org/10.1016/j.cemconres.%202010.11.011

Chapter 6. Technical Paper IV

Tariq, A., & Nehdi, M. (2007). Developing durable paste backfill from sulphidic tailings.
Proceedings of the Institution of Civil Engineers. Waste and Resource Management, 160(4),
155-166. https://doi.org/10.1680/warm.2007.160.4.155

Whittaker, M., & Black, L. (2015). Current knowledge of external sulfate attack. Advances in
Cement Research, 27(9), 532—-545. https://doi.org/10.1680/jadcr.14.00089

Wu, A., Kang, Z., Ruan, Z., Wang, Y., Li, C., Wang, J., Wang, S., & Xiao, B. (2025). New
development and frontiers of green mining with cemented paste backfill in China. In A. B.
Fourie, A. Copeland, V. Daigle, & C. MacRobert (Eds.), Paste 2025: Proceedings of the 27th
International Conference on Paste, Thickened and Filtered Tailings (pp. 607-614). Australian
Centre for Geomechanics. https://doi.org/10.36487/ACG_repo/2555 43

Wu, D., Fall, M., & Cai, S. J. (2013). Coupling temperature, cement hydration and rheological
behaviour of fresh cemented paste backfill. Minerals Engineering, 42, 76-87.
https://doi.org/10.1016/j.mineng.2012.11.011

Xiapeng P, Fall M, Haruna S (2019) Sulphate-induced changes of rheological properties of
cemented paste backfill. Minerals Eng 141:105849.
https://doi.org/10.1016/j.mineng.2019.105849

Yilmaz, E., & Fall, M. (2017). Introduction to Paste Tailings Management. In Paste Tailings
Management (pp. 1-5). Springer International Publishing AG. https://doi.org/10.1007/978-3-
319-39682-8 1

Yilmaz, E., Belem, T., & Benzaazoua, M. (2014). Effects of curing and stress conditions on
hydromechanical, geotechnical and geochemical properties of cemented paste backfill.
Engineering Geology, 168, 23-37. https://doi.org/10.1016/j.enggeo0.2013.10.024

Yilmaz, E., Belem, T., Benzaazoua, M., & Bussicre, B. (2010). Assessment of the Modified
CUAPS Apparatus to Estimate In Situ Properties of Cemented Paste Backfill. Geotechnical
Testing Journal, 33(5), 1-12. https://doi.org/10.1520/GTJ102689

Yilmaz, E., Benzaazoua, M., Belem, T., & Bussiere, B. (2009). Effect of curing under pressure
on compressive strength development of cemented paste backfill. Minerals Engineering, 22(9),
772-785. https://doi.org/10.1016/;.mineng.2009.02.002

Zhong R, Wille K (2018) Deterioration of residential concrete foundations: the role of pyrrhotite-

bearing aggregate. Cem Concr Compos 94:53-61. https://doi.org/10.
1016/j.cemconcomp.2018.08.012

247


https://doi.org/10.1680/warm.2007.160.4.155
https://doi.org/10.1680/jadcr.14.00089
https://doi.org/10.36487/ACG_repo/2555_43
https://doi.org/10.1016/j.mineng.2012.11.011
https://doi.org/10.1016/j.mineng.2019.105849
https://doi.org/10.1007/978-3-319-39682-8_1
https://doi.org/10.1007/978-3-319-39682-8_1
https://doi.org/10.1016/j.enggeo.2013.10.024
https://doi.org/10.1520/GTJ102689
https://doi.org/10.1016/j.mineng.2009.02.002
https://doi.org/10.%201016/j.cemconcomp.2018.08.012
https://doi.org/10.%201016/j.cemconcomp.2018.08.012

Chapter 7. Integration and synthesis of results

CHAPTER SEVEN.

INTEGRATION AND SYNTHESIS OF
RESULTS.

7.1 INTRODUCTION

To comprehensively assess the overall influence of pyrite content on the engineering
and environmental performance of paste tailings systems for both surface and underground
mining applications, the findings from all four technical papers are synthesized and discussed
in this chapter. Papers one and two examined the rheological behaviour of UPT, LCPT, and
CPB. Specifically, Paper one investigated the effect of pyrite content on UPT and LCPT for
surface mining operations, while Paper Two further evaluated how pyrite content influences
CPB systems for underground mining applications. Papers Three and Four focused on the
hydraulic behaviour of UPT, LCPT, and CPB under different oxidation and curing conditions.
Overall, the four papers employed mineralogical transformations and microstructural evolution
as the principal performance indicators to further validate results.

Across all studies, complementary parameters such as sulphate concentration, curing
condition (sealed or air-dried), binder ratio, binder type, and oxidation environment were
systematically investigated to develop a holistic understanding of the physicochemical
mechanisms governing the evolution and long-term performance of pyrite-bearing tailings. A
summary of the experimental parameters and variables examined throughout this PhD research

is presented in Table 1.
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Table 1: Factors and Tests studied in this PHD Research

STUDY
REFERENCE
z
g |5
S =
=9 | &
g8 |2
e | O
TG/DTG, | Ph, EC, Zeta
1 3 X | X X X X XRD potential
TG/DTG, | Ph, EC, Zeta
2 4 X | X X X X XRD potential
Void
ratio, Dry | MIP, XRD
3 5 |X X |[xX |XxX |X X | density
Porosity
Void
ratio, Dry | SEM, XRD
4 6 X |X X X X X density
Porosity

7.2 EFFECT OF SULPHIDE MINERALS (PYRITE) ON THE RHEOLOGICAL
PROPERTIES OF UPT AND LCPT FOR SURFACE MINING APPLICATIONS.

Technical paper I investigates how pyrite, a common sulphide mineral in hard-rock
mine tailings, governs the fresh-age flow of paste tailings used for surface disposal. The central
aim was to determine how increasing pyrite content reshapes the rheology of both uncemented
paste tailings (UPT) and lightly cemented paste tailings (LCPT), and to translate those effects

into practical guidance for pipeline transport and surface paste deposition. To that end, four
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specific objectives framed the work: quantify the influence of pyrite content on yield stress and
viscosity; capture the time dependence of LCPT rheology over the first two hours after mixing
at 20 °C; assess how binder type-100% Type I Portland cement (PC) versus a 50/50 PC—slag
blend (SG) modulates pyrite’s effects; and mechanistically link rheological shifts to concurrent
chemical and microstructural changes using pH, zeta potential, electrical conductivity (EC),
XRD, and TG/DTG.

In UPT, pyrite acted as a strong rheology accelerator. Yield stress and viscosity
increased as pyrite increased from 0% to 45%. Two mechanisms were identified to explain this
progressive rheological hardening. First, the presence of denser pyrite increases the overall
packing density and solids volume per unit slurry volume, thereby elevating resistance to flow.
Second, pyrite oxidation acidifies the suspension and increases sulphate ion concentration,
which compresses the electrical double layer and weakens interparticle repulsion. Consistent
with this, pH decreased with increasing pyrite content, while zeta potential also declined,
thereby promoting particle flocculation and increasing the apparent viscosity of the mixture.

In LCPT, yield stress increased with curing time due to cement hydration, but at a
slower rate in pyrite-bearing samples. Pyrite released sulphate ions that reacted with tricalcium
aluminate (CsA) to form ettringite, coating cement grains and hindering further hydration. As
a result, LCPT with pyrite showed lower yield stress, fewer hydration products, and reduced
calcium hydroxide formation. Electrical conductivity trends, XRD and TG/DTG analyses
confirmed slower hydration and greater ettringite formation. Binder type also influenced
rheology as blended PC—slag mixes had lower yield stress and viscosity than pure Portland
cement due to slower pozzolanic activation, improving flowability but delaying early strength
development.

Overall, the study concludes that pyrite content is a critical parameter controlling the

pumpability and placement of paste tailings. High pyrite concentrations increase flow
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resistance and hinder early hydration, particularly in cemented systems, while binder selection
significantly influences rheological response and environmental performance. These findings
contribute to the development of safer, more cost-effective, and sustainable tailings
management practices by guiding material formulation, transport planning, and the use of

alternative low-carbon binders in surface disposal operations.

7.3 EFFECT OF SULPHIDE MINERALS ON THE RHEOLOGICAL PROPERTIES
OF PASTE TAILINGS (CPB) FOR UNDERGROUND MINING APPLICATIONS.

To further study the effect of pyrite content on paste tailings (PT) systems, technical
paper Il was conducted to evaluate the influence of pyrite content on the rheological behaviour
of cemented paste backfill (CPB) for underground paste applications. The aim was to
understand how varying pyrite concentrations and binder compositions affect the flowability,
yield stress, and viscosity of CPB mixtures, as well as to identify the chemical and
microstructural mechanisms governing these changes. The study also sought to provide
practical insights for optimizing backfill transport, placement, and stability in underground
mining operations.

The results demonstrated that pyrite content has a strong influence on the rheological
properties of CPB. Both yield stress and viscosity increased significantly with higher pyrite
concentrations, indicating that pyrite enhances the density and internal friction of the mixture.
This behaviour was attributed to the high specific gravity and chemical reactivity of pyrite,
which modifies particle packing and surface chemistry within the paste. Oxidation of pyrite
produces sulphate ions and acidic conditions that lower pH and zeta potential, reducing
repulsive electrostatic forces between particles and encouraging flocculation. Consequently,
pyrite-rich CPB mixtures exhibited higher flow resistance and reduced workability, which has
direct implications for pipeline transport and pumping efficiency in underground operations.

Curing time also played a significant role, as the rheological properties of all mixtures increased

251



Chapter 7. Integration and synthesis of results

with time due to the ongoing hydration of cement and the formation of binding products such
as calcium silicate hydrate (C—S—H) and ettringite. However, pyrite-containing CPBs
developed lower final yield stress values compared with pyrite-free mixtures. This reduction
was caused by the inhibitory effect of pyrite on cement hydration: sulphate ions generated
during pyrite oxidation react with tricalcium aluminate (CsA) to form ettringite, coating
unhydrated cement grains and slowing further hydration. Supporting tests, including electrical
conductivity, X-ray diffraction (XRD), and thermogravimetric analysis (TG/DTG), confirmed
slower hydration kinetics and fewer hydration products in pyrite-bearing samples. These
findings indicate that the presence of pyrite not only increases initial flow resistance but also
delays the development of structural strength within the backfill.

The results on binder type and ratio showed that replacing 50% of Portland cement with
slag significantly lowered both yield stress and viscosity, particularly in pyrite-bearing
mixtures. The slower pozzolanic reaction of slag produced fewer early hydration products,
resulting in a less dense matrix. Although this reduced flow resistance and improved
pumpability, it also delayed early strength development, which must be carefully considered
during backfill design and mine scheduling.

Overall, the study highlights the importance of understanding how pyrite content and
binder type interact to control the flow and setting behaviour of CPB systems used in
underground mining. The findings provide a foundation for designing more efficient, cost-
effective, and environmentally sustainable backfill mixtures that account for both short-term

rheological performance and long-term durability.

7.4 EFFECT OF SULPHIDE MINERALS(PYRITE) ON THE PERMEABILITY
PROPERTIES OF UPT AND LCPT FOR SURFACE MINING APPLICATIONS.

Paper III aimed to evaluate how pyrite content, oxidation conditions, sulphate
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concentration, and binder composition influence the permeability and microstructural stability
of uncemented and lightly cemented paste tailings (UPT and LCPT) used for surface disposal
in mining operations. The central objective was to understand how sulphide minerals,
especially pyrite, affect the hydraulic behaviour, durability, and environmental performance of
these systems, which are crucial for predicting contaminant migration and long-term stability
of tailings storage facilities.

The study systematically examined the permeability response of UPT and LCPT with
varying pyrite contents (0—45%), under both sealed and air-dried curing conditions, and
compared the performance of Portland cement (PC) and slag-blended (SG) binders.
Complementary analyses, including void ratio, dry density, X-ray diffraction (XRD), and
mercury intrusion porosimetry (MIP), were conducted to link hydraulic changes to
microstructural and mineralogical transformations. Additional tests investigated how pre-
existing sulphate ions (0-25,000 ppm) influence permeability, simulating tailings partially
oxidized before mixing.

The key findings reveal that pyrite content plays a crucial role in the hydraulic
performance of paste tailings systems. In uncemented tailings, increasing pyrite content caused
a drastic rise in permeability due to higher void ratios and lower dry densities, reflecting looser,
more open pore networks. In lightly cemented systems, the influence was less severe: at low
pyrite levels (<15%), cement hydration reduced permeability by refining the pore structure, but
at 45% pyrite, permeability rose considerably compared to the mixes with 0-15% pyrite
content. This increase was driven by sulphate ions released from pyrite oxidation, which
reacted with calcium hydroxide and aluminates in cement to form expansive ettringite and
gypsum. These reactions consumed hydration products, induced cracking, and coarsened the
pore network, drastically weakening the matrix. Even under sealed conditions, internal

oxidation was sufficient to impair matrix integrity, while air drying simulating field exposure
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accelerated degradation.

Binder composition emerged as a critical control factor. PC-LCPT exhibited initially
low permeability but was highly sensitive to sulphate and pyrite attack due to its higher C;A
and portlandite contents, which favour expansive mineral formation. In contrast, SG-LCPT
displayed higher initial permeability under oxidative and sulphate-rich conditions. XRD and
MIP analyses confirmed these trends. Additionally, high initial sulphate concentrations
(particularly at 25,000 ppm) compounded the degradation effects, leading to significant
permeability increases and matrix breakdown, especially when combined with pyrite oxidation
and oxygen exposure. These synergistic interactions created interconnected voids and enlarged
pore pathways, promoting solute transport and potential contaminant migration.

Overall, the research contributes significantly to understanding the coupled chemical-
hydraulic processes governing the stability of sulphide-rich paste tailings. It demonstrates that
permeability and environmental risk are closely linked to binder chemistry, oxidation potential,
and sulphate load. By identifying the mechanisms driving permeability deterioration, this study
provides a scientific basis for optimizing binder selection and controlling oxidation during

surface paste disposal.

7.5 EFFECT OF SULPHIDE MINERALS (PYRITE) ON THE PERMEABILITY
PROPERTIES OF CPB FOR UNDERGROUND MINING APPLICATIONS.

Technical paper IV was conducted to evaluate how pyrite content, pyrite oxidation,
initial sulphate concentration, and binder composition govern the hydraulic behaviour and
microstructural stability of cemented paste tailings (CPB) for underground mining
applications. Type I Portland cement (PC) and a 50:50 PC—slag blend (SG) were adopted as
binders at constant volumetric content, with pyrite dosed at 0, 5, 15, and 45 wt.% and initial
sulphate in mixing water set to 0, 5,000, or 25,000 ppm. Curing conditions included: sealed

(limited oxygen ingress) and air-dried (oxygen exposure). Permeability was measured with a
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flexible-wall permeameter (ASTM D5084), while microstructure and mineralogy were tracked
using void ratio/dry density, XRD, and supporting SEM analysis.

Key findings that under sealed curing conditions, permeability increased systematically
with pyrite content, even without deliberate air exposure. This indicates that limited internal
oxidation and sulphate release are sufficient to initiate secondary reactions. XRD patterns at
high pyrite levels confirmed reduced portlandite and the emergence of ettringite/gypsum,
consistent with sulphate consumption of Ca(OH): and expansive crystallization. Physically,
rising void ratio and declining dry density tracked the hydraulic deterioration, evidencing pore
coarsening and loss of matrix compactness. Air-dried mixes exhibited higher permeability than
sealed counterparts at equivalent pyrite contents, reflecting oxygen-driven oxidation and more
vigorous sulphate generation. Correspondingly, XRD showed intensified ettringite/gypsum
and diminished C—S—H/portlandite signatures, aligning with a shift toward larger, better-
connected pores and microcracking that facilitates fluid flow.

Results on the effect of initial sulphate showed amplified degradation in both curing
regimes. At 25,000 ppm, permeability rose sharply, especially when combined with pyrite and
oxygen exposure. The synergy between pre-existing sulphate and oxidation-derived sulphate
promoted excessive formation of expansive phases, internal stresses, and crack networks,
which translated directly into higher void ratios, lower dry densities, and elevated permeability.
Binder chemistry played a decisive moderating role. PC-based CPB recorded lower
permeability and more refined pore systems due to faster hydration and greater portlandite
availability; however, that same chemistry made PC more vulnerable to sulphate attack at high
pyrite/sulphate levels because abundant CsA and CH favour ettringite/gypsum formation. SG-
based CPB, while showing higher baseline permeability and slower densification, proved less
sensitive to sulphate- and pyrite-induced deterioration. The slag’s pozzolanic consumption of

CH and lower effective CsA availability constrained expansive phase growth, limiting crack
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development and mitigating permeability escalation relative to PC at elevated chemical stress.
Taken together, these results contribute several advances to the CPB literature.

In sum, the study establishes that CPB permeability and by extension durability and
environmental protection depends not only on pyrite content but also on oxygen availability,

background sulphate load, and binder chemistry.

7.6 NOVEL CONTRIBUTION OF THE RESEARCH

This research presents novel information that advances the scientific understanding of
how pyrite-driven chemical reactions influence flowability, permeability, microstructural
evolution, and durability of PT, while providing engineering guidance for sustainable and
resilient tailings management in mining environments.

The first paper established the rheological significance of pyrite in UPT and LCPT
systems for surface disposal, revealing that increasing pyrite content substantially elevates
yield stress and viscosity due to both physical densification and electrochemical destabilization
of particle suspensions. The study identified that pyrite oxidation releases sulphate ions and
lowers pH, compressing the electrical double layer and promoting flocculation, which increases
flow resistance. Furthermore, in cemented mixtures, the release of sulphate retards hydration
through premature ettringite formation. These findings introduced a mechanistic framework
linking pyrite-induced chemical reactions to rheological performance, providing a predictive
understanding of paste transport behaviour and the influence of binder selection, which is an
advancement rarely quantified in previous CPB research.

Building upon this, the second paper extended the rheological study to underground
CPB systems, demonstrating that pyrite content exerts dual control over early flowability and
long-term structural development. The work showed that while pyrite-rich CPB mixtures

exhibit high initial yield stress and viscosity, their strength gain is inhibited by the sulphate—
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aluminate reaction that coats cement grains and slows hydration. The study was among the first
to quantify how binder chemistry (Portland cement versus slag—cement blends) moderates
these effects, showing that slag substitution mitigates pyrite-induced thickening and supports
improved pumpability. This work provided design-relevant correlations between pyrite
concentration, binder type, and rheological response, addressing a key gap in the geotechnical
design of underground backfilling operations.

The third paper offered a novel understanding of how pyrite and associated sulphate
reactions influence permeability and microstructural integrity in UPT and LCPT systems for
surface disposal. It demonstrated that pyrite-rich tailings develop higher permeability due to
acid generation and secondary mineralization, which disrupts the pore network. A particularly
innovative contribution was the linkage of pyrite content degradation to mineralogical
transformations identified through XRD and MIP analyses. The research established that
permeability of pyrite-bearing tailings increases as a result of sulphate-induced ettringite and
gypsum crystallization that expands and fractures the matrix, particularly under oxygen-
exposed or high-sulphate conditions. This coupling of chemical and hydraulic processes
advances predictive modelling of oxidation-driven permeability evolution in tailings
impoundments, filling a long-standing research gap in mine waste geochemistry and
geotechnics.

The fourth paper further advanced this field by examining the combined effects of
pyrite content, oxidation potential, and pre-existing sulphate concentrations on the permeability
and durability of underground CPB systems. It was the first to systematically differentiate
permeability behaviour under sealed (oxygen-limited) and air-dried (oxidative) curing
conditions, revealing that internal oxidation alone can significantly deteriorate the
microstructure. Moreover, the study quantified how binder chemistry governs resistance to

pyrite- and sulphate-induced degradation: while Portland cement produced denser matrices
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with initially low permeability, it proved more vulnerable to sulphate attack at high pyrite
levels; conversely, slag-blended binders, though slower to densify, better resisted chemical
deterioration. These findings represent a new framework for durability-based design of CPB,
integrating mineralogical reactivity, binder selection, and oxidation control into hydraulic
performance predictions.

Together, these four studies establish a unified mechanistic understanding of pyrite’s
coupled chemical, mechanical, and hydraulic influences across various paste tailings systems.
They introduce new correlations between pyrite reactivity, rheological evolution, and
permeability degradation, while defining practical design guidelines for binder optimization,
oxidation control, and sustainable tailings management. The research thus makes a significant
and novel contribution to the body of knowledge on sulphide-bearing tailings, providing both
theoretical advancement and applied relevance for geotechnical and environmental engineering

practice in the global mining industry.
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CHAPTER EIGHT.
CONCLUSIONS AND RECOMMENDATIONS.

8.1 CONCLUSIONS

The following conclusions are drawn from this study:

Pyrite is a dominant factor governing the rheological, hydraulic, and chemical behaviour
of paste tailings systems used in both surface and underground mining operations. Its high
specific gravity increases packing density, while its oxidation releases sulphate ions that
reduce pH and zeta potential, leading to particle flocculation, electrochemical
destabilization, and greater flow resistance.

Increasing pyrite content consistently elevated yield stress and viscosity in uncemented,
lightly cemented, and cemented paste systems, resulting in reduced flow ability, higher
pumping energy demand, and tighter operational windows for placement and pipeline
transport.

In cemented systems, pyrite retards hydration by forming ettringite and gypsum through
sulphate (CsA) reactions, which coat cement grains, reduce calcium hydroxide formation,
and hinder the development of calcium silicate hydrate (C-S—H).

Binder composition plays a key moderating role: pure Portland cement mixtures are more
susceptible to sulphate-induced degradation, whereas slag-blended binders provide better
flowability, slower hydration, and enhanced chemical resilience.

Pyrite oxidation and sulphate release increase permeability and void ratio, particularly
under air-dried or oxygen-exposed conditions, due to microcracking, pore coarsening, and

matrix decomposition from expansive ettringite and gypsum formation. These effects are
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magnified at high pyrite and sulphate concentrations, promoting permeability and potential
contaminant migration.

o Sealed curing conditions help limit oxidation; however, internal reactions in high-pyrite
systems can impair matrix integrity over time.

o The integrated results demonstrate that pyrite content, sulphate concentration, and binder
type jointly control the evolution of permeability, and durability in paste tailings systems.
Proper regulation of these parameters is essential for optimizing transportability, placement
efficiency, and long-term environmental stability.

e The adoption of slag-blended binders offers a sustainable solution to mitigate sulphate
attack, improve chemical stability, and reduce the carbon footprint of binder use.

e Opverall, this research establishes a comprehensive framework linking the physicochemical
processes of pyrite-bearing paste tailings to their engineering behaviour. It provides
practical guidance for designing safer, cost-effective, and environmentally sustainable
tailings management systems that ensure operational efficiency, structural integrity, and

reduced environmental risk over the long term.

8.2 RESEARCH LIMITATIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH STUDIES

Based on the findings of this research, future research work needs to;

o Investigate the long-term rheological evolution of pyrite-bearing paste tailings under
varying temperature and humidity to simulate field conditions.
e Assess the interaction between pyrite oxidation and chemical admixtures (e.g.,

dispersants, superplasticizers) in improving flowability and controlling flocculation.
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Evaluate the use of alternative low-carbon binders (e.g., geopolymer, fly ash, or
calcined clay blends) for mitigating pyrite-induced retardation and improving
sustainability.

Assess the environmental leachability and potential metal release from pyrite-bearing
paste systems under different disposal and exposure scenarios.

Conduct economic analyses to balance binder cost, energy demand, and environmental
impact in designing sustainable pyrite-rich paste formulations.

Given the scope of the present study, the investigation focused primarily on the
influence of pyrite. However, in natural tailings systems, multiple sulphide minerals
often coexist, including minerals such as pyrrhotite and chalcopyrite. As a limitation,
the combined effects of these sulphide minerals on paste rheology and chemical
reactivity were not examined. Therefore, future studies should investigate the
interactive influence of multiple sulphide minerals, alongside pyrite, on the rheological

behaviour and chemical reactivity of paste tailings systems.
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APPENDIX-A

TEST MATERIALS, EQUIPMENT AND APPARATUS USED IN THIS STUDY

a) (b) (©)

Figure A-1: Test materials- a) Pyrite powder, b) Silica tailings c), Slag powder

a) b)
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c)

Figure A-2: Testing equipment- a) Weighing balance, b) EC Monitoring EmS0 data
logger, ¢c) pH Meter and probe
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Figure A-3: Testing Apparatus-Brookfield digital viscometer (DV-E model)
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Figure A-4: Testing Apparatus-Wykeham-Farrance laboratory vane shear device

Figure A-5: Testing Apparatus- Tri-Flex 2 flexible wall permeameter
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b)

Figure A-6: Testing Equipment- a) Drying Oven, b) Kitchen aid mechanical mixer
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