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Abstract

Following the research & development of Sustainable Mining by Drilling (SMD) technique
in the narrow vein mineral deposits, a conceptual framework for backfilling large-diameter
drilled holes has been developed, utilizing a mixture of cemented tailings paste. In the paste
mixture, the tailings constitute 75% to 85%, the binder makes up 3% to 9%, and the water
content represents 15% to 25% of the total weight of dry materials. This thesis contains a
comprehensive assessment of various aspects related to cemented tailings backfill (CTB),
including the strength characteristics, measurement of dynamic elastic properties using the
ultrasonic method, rheological analysis, and evaluation of acid mine drainage potential. To
minimize the cement cost in backfill operation, comparative analysis was conducted in the
laboratory for the samples of 6% and 4% cement content by weight along with the
concerned proportional mixture of tailings and water to achieve the design strength of 1
MPa. The strength characteristics were evaluated following the compressive strength test,
stress-strain behaviour and dynamic elastic properties measurement through ultrasonic
wave velocity method. Moreover, on the collected backfilled samples from field location,
strength measurement and particle size distribution were conducted to understand the effect
of particle gradation on strength development. Then, comparative analysis has been
described from lab experimental results to evaluate the acid mine drainage potential. From
the static test of tailings, the experimental results shows that the tailings has high potential
of acid generation. The long-term kinetic test of cemented tailings mixture with variable
cement percentage showing the neutralization behaviour of acid generating tailings for the

presence of cement components.
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Chapter 1: Introduction

1.1  Background of the Research

Billions tons of tailings are generated annually worldwide from mineral extraction
operation. According to the 2020 study of world mine tailings failure association, every
year the global production of 18-20 billion tonnes of minerals results in the generation of
approximately 80-90 billion tonnes of waste rock and 8 billion tonnes of tailings. At
present, for each one million tonnes of mined mineral product, there is a requirement to
manage 4.9 million tonnes of waste ore, waste rock, and tailings. Sustainable management
of tailings remains an ongoing challenge for the mining industry and regulatory bodies
worldwide. The sheer volume of tailings produced poses challenges in terms of their

management, long-term stability, and potential environmental impacts.

Conventional tailings storage involves creating traditional tailings ponds or
impoundments to store waste materials from mining operations. The process includes
constructing a pond along with a dam near the mining site and depositing the tailings slurry
into the pond. Over time, water drains or evaporates, causing the tailings to consolidate and
dry. Excess water is managed through overflow systems and some water may be recycled.
When the mining operation ends, the site goes through closure and rehabilitation to restore
the land to its original state or a beneficial use. Modern tailings dam structures are built to
store and permanently dispose of the waste materials from mining and milling activities.
At some projects, the tailing dams cover several square miles. The dams face difficulties
in maintaining stability due to the large volumes of water and tailings they handle, with the

mixture consisting of 85% water and 15% solids by weight. Managing stability becomes



particularly challenging under various conditions, such as static and dynamic loads
(seismic events, blasting vibrations), floods, and seepage. Around hundred of mine tailing

storage dams have disastrously failed so far around the world causing devastating damage.

Surface Paste Disposal (SPD) is an innovative technique used in mining operations
to manage and dispose of mine tailings effectively. Unlike traditional tailings storage
methods, which often involve constructing large dams, SPD involves dewatering the
tailings before deposition. This process can be achieved through thickening or filtering,
which reduces the moisture content of the tailings and results in a paste-like material with
a higher solids concentration. However, the main challenge with SPD is the cost associated

with the filtration or thickening process to achieve the desired paste consistency.

Cemented tailings backfilling (CTB) or cemented paste backfill (CPB) is a
technique, which utilize tailings for filling underground voids and supporting mining
operations. It is a carefully designed combination of tailings, a hydraulic binder, and
mixing water. The tailings make up 75-85% of the mixture by weight, while the binder
constitutes 3-9% of the total dry materials weight. The inclusion of a binder is necessary
to ensure the strength and stability of CTB. It is also important for CTB to have an
appropriate water content to achieve the desired consistency, enabling it to be efficiently

transported from the paste plant to the underground openings.

Here, the objective is to develop the backfilling concept utilizing the tailings for the
SMD technology. The focus of SMD is on steeply dipping narrow-vein mineral deposits
where ore recovery is more economic, sustainable and safer than conventional selective

mining methods. The SMD technique consist of narrow vein deposit imaging, large



diameter drilling after the drilling of pilot holes along the veins, and backfilling of the large

diameter boreholes.

Understanding the properties of CTB is important for designing backfill structures
that are cost-effective, safe, and long-lasting. CTB has various characteristics related to its
physical, mechanical, hydraulic, chemical, and microstructural aspects. These properties
can be influenced by different factors. Internal factors are the components of CTB, such
as: binder, tailings, and water. It’s also crucial to understand how they change over time
due to processes like self-consolidation and cement reaction. External factors include
environmental aspects like acid mine drainage and stability of the backfill. These factors
and their interactions affect how CTB performs. Having a good understanding of CTB

properties is crucial for designing safe and cost-effective CTB structures.

Wave propagation has proven to be an effective method in geotechnical laboratories
for assessing the dynamic small-strain engineering properties of geotechnical materials.
These properties include Poisson's ratio, bulk modulus, shear modulus, and Young's
modulus. When compressional (P-waves) and shear (S-waves) waves travel through a
sample, they encounter variations in the density and mechanical properties. One of the
primary parameters measured using this method is the velocity of those waves through the
geotechnical material. P-wave velocity is the speed at which compressional waves travel
and S-wave velocity is the speed of shear waves. By measuring the time it takes for these
waves to propagate through the material and knowing the distance they travel, the

velocities can be calculated. In this thesis, approach was taken to investigate wave



propagation and its applicability in determining the elastic properties of cemented tailings

paste during the hydration process.

Determining the rheological properties of materials is crucial for understanding
their behavior in various industries and applications. The presence of tailings particles,
cement, water, and additives affects the flow characteristics of the paste and understanding
its rheology helps to determine suitable transportation parameters. The consistency of
cemented paste backfill during transportation is essential to ensure cost-effective and
efficient operations. The physical, chemical, and mineralogical properties of the

components significantly impact its flow ability and overall performance.

Proving the benefits of the paste backfilling approach has presented a major
industry challenge, particularly in assessing the operational and long-term effects on mine
and groundwater quality. The oxidation of sulfide minerals within paste backfill can lead
to acid mine drainage (AMD), lowering pH levels in soil and water, release of toxic heavy
metals. To address these issues, reclamation plans must include strategies to minimize
oxygen exposure, effective monitoring, and swift remediation measures to mitigate
environmental damage. One of the key advantages of paste backfilling is the reduction in
the volume of tailings that need to be stored on the surface that leads to smaller
environmental footprint. Furthermore, in underground backfilling, the risk of AMD
generation is significantly diminished, leading to improved environmental management.
To properly assess potential environmental issues, it's essential to thoroughly examine the
paste mixture's characteristics such as its mineral composition, acid generation capacity,

potential for generating acid, speed of reactions, and ability to release metals. This analysis



allows for predicting the short and long-term effects on the quality of surface and

groundwater.

The movement of air and water within and around paste backfill is crucial for
assessing potential oxidation and metal release during and after mining operations. Factors
such as paste grain size, mineral composition, density, saturation, permeability, binder
chemistry, and engineering properties impact this movement. Additionally, host rock
characteristics, paste placement, and storage conditions also affect air and water flow
through the paste backfill. Understanding these dynamics is essential for predicting

environmental impacts on groundwater and surface water quality.
1.2 Research Objective and Motivation

The concept of backfilling from cut and stope mining method is being utilized in the SMD
technology. The cut and stope mining method is used in underground mining to extract
minerals from ore bodies. It involves creating horizontal tunnels called drifts and vertical
tunnels known as stopes to access the ore. Once the ore is removed, the resulting vertical
or inclined voids created by the extraction process are called stopes. To provide support
and prevent collapses, these stopes are filled with a suitable materials and the whole process
is called backfill. The backfill is typically a mixture of cemented tailings or waste rock
combined with water, which forms a stable paste or slurry. The stopes are mined in primary
and secondary phases. The ore from the primary zones are extracted utilizing the spaces of
secondary stopes as working ground. Then those primary zones are backfilled. When the
primary backfilled stopes are cured and stabilized, then ore recovery from the secondary

zone occurs utilizing the primary backfilled zone as the working ground. After that, the



secondary stopes are backfilled following the same process of primary backfilling. In the
backfilling operation, the major concerns are related to achieving designed strength with
optimized binder cost, consistency of paste transportation and reliability of the waste
materials utilization following the environmental issues. So, in this thesis some aspects of
these concerned are investigated through comprehensive literature review and

experimental process. The aspects of the research for this thesis are the following:

e Optimization of cement content to achieve the design strength and reduce the cement
cost for cemented tailings backfilling operation using the cement as binder, water and

tailings.

e Development of non-destructive experimental set-up and procedure through the
ultrasonic wave measurement equipment to evaluate the dynamic elastic properties of

CPB samples.

e Understanding of rheological behavior of cemented paste tailings following the yield
stress measurement from slump test to understand the consistency in paste

transportation through the pipeline and settling behavior after pouring them.

e Investigation on particle size distribution of tailings and aggregates following it effects
on strength development for backfilling. From the collected field samples of
backfilling, an experimental assessment of strength variation was conducted for

different batches of mixtures.

e [Evaluation of acid mine drainage potential for acid generating tailings and cemented

tailings mixture. Through acid base accounting test, acid generating and acid



neutralizing capacity was evaluated for the tailings. Then in laboratory set-up, long-
term evaluation of acid mine drainage potential for cemented tailings samples has been
conducted to analyze the contamination behavior of ground water and environmental
impacts. The purpose is to understand the acid neutralization capacity of cement in the

acid generating tailings.
1.3 Thesis Outline

This thesis consists of six chapters. The content of each chapter are the following:

Chapter 1 is the introduction. It describes brief idea about the research topics that
are listed in this thesis. This chapter includes an overview of the tailings properties and

research ideas and a summary of research motivation.

Chapter 2 is a detailed literature review that includes broad concepts of each
segment of this thesis work. It includes properties of cemented tailings backfill, strength
measurement, elastic properties measurement, particle size distribution analysis,

rheological properties, and acid mine drainage potential evaluation.

Chapter 3 represents the experimental work of strength, elastic properties and
rheological properties evaluation. It describes methodology, materials and equipment that
were used for conducting the experiments. Then, finding of those experimental results are

described subsequently in this chapter.

Chapter 4 presents the publication of a technical paper at 75" Canadian
Geotechnical Conference, GeoCalgary 2022. This chapter investigate the effect of particle
gradation on strength development for the backfilling samples collected from the 2021 field

trial of SMD project.



Chapter 5 is a technical paper of a proceeding of Tailings and Mine Waste
Conference 2023. This paper provides short-term and long-term experimental findings
about the acid mine drainage evaluation of tailings and cemented tailings samples in the

laboratory set-up.

Chapter 6 provides a conclusion and recommendation for the study presented as
well as future work related to strength properties, paste consistency for transportation, acid

mine drainage evaluation following the cemented tailings backfilling projects of SMD.



Chapter 2: Literature Review

2.1  Properties of Cemented Tailings Backfill

Cemented tailings backfill (CTB) is a technique used in mining and resource extraction
industries to manage and safely dispose of waste materials generated during the mining
process. It involves mixing the tailings which are the finely ground rock particles left over
after extracting valuable minerals from the ore. Those tailings are mixed with cement and
water to create a solidified material that can be used for underground mine backfilling.
Here, Cemented paste backfill (CPB) and Cemented tailings backfill (CTB) both terms

have been simultaneously mentioned as the same concept of cemented tailings paste

mixture.
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Having a good understanding of CTB properties and the factors that affect them is
crucial for designing safe and cost-effective CTB structures. This chapter provides a
comprehensive review of the current knowledge on the physical, mechanical,
microstructural, and rheological properties of CTB, as well as the factors that influence
them. It also addresses the properties used to assess the transportability of CTB, such as
yield stress. Figure 2-1 illustrates a schematic view of integrated paste tailings technology

process for hard rock mining operations.
2.1.1 Physical Properties

The physical properties of cemented tailings backfill (CTB) such as specific gravity,
density, water content, porosity, degree of saturation, moisture content, void ratio,
absorption have a significant impact on its behavior and performance. Previous studies

have investigated these properties in laboratory settings by several researchers (e.g. Fall et
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Figure 2-2: Effects of fine content of tailings on void ratio and porosity of CPB (Fall et
al. 2004)
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al. 2005; Belem et al. 2006; and Yilmaz et al. 2009). However, information about the in-
situ physical properties of CTB in real mining conditions is limited in the available
literature. This scarcity is primarily due to challenges associated with sampling and testing
CTB in the actual mining environment, including restricted access to backfilled areas,

interruptions in mining operations, high costs, and safety considerations.

The physical properties of cemented tailings backfill (CTB) are influenced by the
physical characteristics of the tailings, particularly the particle size and fine content. The
presence of fine tailings (particles smaller than 20 um) has a notable impact on the porosity
(or void ratio) and distribution of pore sizes in CTB. This relationship is illustrated in
Figure 2-2 by Fall et al. (2004). When the proportion of fine particles in the tailings is
higher, the void ratio of CPB also increases. Additionally, the reduction in porosity is more
significant when the fines content decreases in CPB samples made with fine (fines <60%)
or medium (fines = 35-60%) fine tailings compared to samples made with coarse tailings

(Fall et al. 2004).
2.1.2 Strength Characteristics

The unconfined strength of cemented paste backfill (CPB) is determined based on its
specific function in underground stopes. For instance, to prevent risks of liquefaction and
barricade collapse, a minimum strength of 0.15 MPa is required during the early stages of
curing (Roux et al. 2004). In mining operations that employ cut-and-fill or sublevel
methods, CPB is used to ensure stability in adjacent stopes as shown in Figure 2-3. For this
purpose, CPB is recommended to have a minimum strength of 0.7 MPa after 28 days of

curing (Landriault 1995). Additionally, CPB serves as a sturdy working platform for

11



Figure 2-3: Function of paste backfill in underground mining voids (Belem and Benzaazoua

2008, Yilmaz 2017)

equipment and workers, which requires high early strength development (Belem and

Benzaazoua 2008).

Consequently, a uniaxial compressive strength (UCS) value of >4 MPa is necessary
for reliable roof support (Grice 1998). The rate at which the desired strength is achieved
helps to reduce downtime between successive mining activities. Therefore, meticulous
engineering design is essential to ensure that CPB attains the intended strength

requirements.

UCS of CPB

The mechanical strength of cemented paste backfill (CPB) can be influenced by various
factors related to the tailings, including their mineralogy content, chemical properties (such
as sulphide amount), fine content, density, and grain size (Fall et al., 2005). The type and
amount of binder used, as well as the blend ratio of different binders and their chemical
properties, can also have an impact on the development of the CPB's mechanical strength
(Kesimal et al., 2005). Moreover, the water content in relation to the water-to-cement ratio

(w/c) and the chemistry of the mixing water (e.g., sourced from mining processes, lakes,

12



or saline environments) are additional factors that can affect the mechanical properties of

CPB.

The impact of the fine content in tailings on the stress-strain behavior of cemented
paste backfill (CPB) is depicted in the Figure 2-4. The data demonstrates that as the fine
content decreases, both the peak stress and modulus of elasticity increase. The failure
modes of samples prepared with varying fine content exhibit similar patterns. However,
reducing the fine content to less than 50% does not significantly alter the peak stress and
modulus of elasticity. The influence of fine content can be attributed to the fact that CPB
containing finer particles necessitates a higher water-to-cement (w/c) ratio to maintain the

desired consistency or slump, consequently leading to lower strength of the CPB (Fall et

al., 2007).

1400 |,
1200 |
1000 |
800
600 |
400 A
200 |

Axial strain (%)

- B0 Fine —o-—70% Fine
—— 60% Fine —<— 50% Fine
—m— 30% Fine

0 0.2 0.4 06 08 1 1.2
Axial stress (kPa)

Figure 2-4: Effect of fine content of tailings on the stress—strain behaviour of 28-day CPB
samples with 4.5% PCl/slag (Fall et al. 2007)

13



Stress-Strain Behaviour of CPB

Fall et al. (2007) conducted a study on the compression behavior of CPB to examine how
various factors influence its stress-strain behavior and modulus of elasticity. These factors
included aging, confinement pressure, and the properties of the main components of CPB
(cement, tailings, and water). Stress-strain response of CPB depends on curing time. The
impact of cement content on the stress-strain behavior of CPB is illustrated in Figure 2-5.
The graph demonstrates that increasing the binder content leads to higher peak stress and
modulus of elasticity in CPB samples at a given curing time. Samples with higher binder
content exhibit a distinct peak stress and softening after failure, whereas those with lower

binder content tend to undergo relatively ductile failure (Fall et al. 2007).
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Figure 2-5: Effect of binder content on stress—strain behaviour of 28-day CPB samples
with PCI (Fall et al. 2007)
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2.1.3 Cement and Alternative Binding Agents

Binders are used to hold solid particles together under specific conditions. There are two
main types of binders: hydraulic and non-hydraulic. Portland cement have the capability to
undergo a chemical reaction known as hydration, resulting in setting and hardening with
the combined of water. In contrast, non-hydraulic binders such as lime and gypsum plaster
can harden without water involvement. Among the hydraulic binders, Portland cement type
I (PCI) in accordance with ASTM standards is widely utilized. Portland cement (PC) falls
into the category of hydraulic cement, as it achieves its setting and hardening

characteristics through chemical interactions with water.

By increasing the strength of the backfill, it becomes possible to conduct mining
activities in close proximity to the backfilled areas and reduce the need for ore dilution
during blasting or excavation near these regions. The impact of the water-to-cement (w/c)
ratio and binder content on the compressive strength of cemented paste backfill (CPB) is
illustrated in Figure 2-6. The data reveals that for a given binder content, reducing the w/c
ratio leads to higher values of unconfined compressive strength (Fall et al., 2008). This
effect is primarily attributed to the decreased overall porosity of the backfill resulting from
a lower w/c ratio, thereby increasing the UCS (Fall et al., 2008). Similarly, increasing the
binder content contributes to higher UCS values. A higher amount of cement encourages

more hydration products, which enhances cohesion, reduces porosity and packing density,
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Figure 2-6: Effect of w/c ratio on UCS of 28-day CPB samples with different binder
contents (Fall et al. 2008)

ultimately resulting in increased UCS. Furthermore, the presence of fine particles (smaller
than 20 um) in the tailings can significantly influence the strength of CPB. Typically, a
granular material needs to have a minimum of 15% by weight of finer particles smaller
than 20 pm in order to retain enough colloidal water. This allows the material to form a
paste with the desired flow characteristics for efficient transport through particles smaller
than 20 um in order to retain enough colloidal water. This also allows the material to form
a paste with the desired flow characteristics for efficient transport through a borehole or

pipeline (Ercikdi et al. 2013).

Chemical Composition of Portland Cement

Usually, modern PC primarily contains clinker, which makes up about 95% of its weight.

Additionally, a small proportion of gypsum (3%-7% by weight) is added to regulate the
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Table 2-1: Chemical Composition of Ordinary Portland Cement. (from Bertrand, 1998)

Present in clays used
to make Portland
cement.

Efrlgrc;pczgnc;zmponents ;{Jﬂ;ﬁ: Principal hydration products Function
Tricalcium silicate: ~50% 1) 2C3S + 6H.,0 — 3 Tobermorite gel:
CsS Ca3Si,073H,0® + 3Ca(OH)," principal binding agent of
Ca3SiOs(alite) cement.
Rapid hardening, early 70% reacted in 28 days ®) Portlandite: no
strength development cementing properties
Dicalcium silicate: C,S | ~25%
Ca,Si0, (belite) 2) 2C,S + 4H,0 —
Slow hardening, later Ca3Si;,073H,0 @ + Ca(OH)," S
ame as above

stage strength
development (after 30% reacted in 28 days; 90% in
one week). one year
Tricalcium aluminate: | ~10% 3) C:A + 12H,0 + Ca(OH), — “ Tetraclacium aluminate
C:A Ca,Al,0g(OH), 12H,0 hydrate: some early
CazAlLO04 strength development

4) C3A + 10 H,0 + CaS0,.2H,0 — | ¥ Monosulfoaluminate and
Consumes Ca(OH)s, Ca4AI2(SO4)“I2H20(d) e Ettringite: expansive
produces a high heat minerals produced from
of hydration. 5) CsA + 26H,0 + 3CaS0,42H,0 the reaction of dissolved

— CagAl,(SO,)5(OH);,26H,0® gypsum with C,A

Tetracalcium ~8% " Calcium aluminoferrite
aluminoferrite: C,AF 6) C4,AF + 50H,0 + 2 Ca(OH), — hydrate: rapid hydration
Ca,Al,Fe,0,, CagAl,Fe,0,,12H,0" but little strength
Manufacturing contribution.
purpose to reduce 7) C,AF +12H,0 + 6CaS0,.2H,;0
clinkering + Ca(OH); — Slow hydration reaction to
temperature; CagAly(SO4)3(OH);,26H,0® produce ettringite.
responsible for colour
effects in cement.
Gypsum: CSH, ~5% Dissolved gypsum may participate | Too much gypsum may
CaS0,*2H,0 in reactions (4), (5), (6) and (7), favour the formation of
Very rapid dissolution, depending on the local pore water | ettringite over portlandite.
slows the rate of C3A chemistry.
hydration to avoid
flash setting.
Fe, K, Mg Few % May be included in any

cement phase in solid
solution.

initial setting time of the cement. Table 2-1 describes the various elements that make up

Normal or Ordinary Portland Cement (OPC) typically used in cemented paste backfill,

along with the principal hydration reactions involved in the curing of cement mixtures.
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Hydration Stages of Cement

Figure 2-7 visually demonstrates the sequential stages of hydration that occur in individual
cement compounds, as explained by Taylor et al. (2006). These stages are a result of both
thermal and physical transformations taking place within the cement particles throughout
the entire hydration process. The main reactants involved in this process include alite,

belite, aluminate, ferrite, gypsum, and water. Additionally, there are minor reactants, such

as alkali sulfates and free lime.

B ==

Hydration Heat Curve
(nat to scale)

Cement conventional sawing
Water
kmmfl Final set < (f 4= Check for early sawing

Heat

___________

Lasts about 2-4 hr

Figure 2-7: Thermal and physical changes in cement particles during all stages of cement
hydration (Taylor et al., 2006)
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Alternative Binding Agents

These alternative binders aim to provide similar or improved performance compared to
cement while addressing certain limitations or environmental concerns associated with
cement production. One common alternative binder is fly ash, which is a by-product of
coal combustion. Fly ash possesses pozzolanic properties, meaning it can react with
calcium hydroxide in the presence of water to form cementitious compounds. By
incorporating fly ash into cemented paste backfill mixtures, it is possible to enhance the
strength and durability of the backfill while reducing the reliance on cement. This can lead

to improved sustainability and reduced carbon footprint.

Another alternative binder is slag, a by-product of the iron and steel industry.
Similar to fly ash, slag also exhibits pozzolanic properties and can contribute to the
development of strength in cementitious systems. Using slag as a binder in cemented paste
backfill can offer advantages such as enhanced long-term stability and reduced
permeability. Other alternative binders being explored include industrial by-products such
as silica fume, metakaolin, and rice husk ash, as well as geo-polymers. Different types of
alternative binding additives and their effects are presented in the Table 2-2. These
materials offer potential benefits such as high early strength development, improved
chemical resistance, and reduced environmental impact. The selection of alternative
binders for cemented paste backfilling depends on various factors, including the specific
application, desired performance properties, availability of materials, and economic

considerations.
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Table 2-2: Replacement Components of Portland Cement to Improve Sulphate Resistance
of Concrete (from Bertrand, 1998)

Additive Effect

Fly ash: Lower air and pore volume, reduced

Coal combustion residue; low calcium permeability, increases resistance to sulphate
(Torri et al., 1995) absorption into concrete

(Djuric et al., 1996)

Silica fumes: Lower air and pore volume, very reduced
Silicon, silicon alloy smelting ash residue; permeability, decreases gypsum and
minimum 75% silicon, very low calcium and | ettringite formation, increases electrical
aluminium oxides resistivity (corrosion protection)

(Akéz et al., 1995)

Blast furnace slag: Lower air and pore volume, reduced
Glassy iron smelting residue; calcium permeability, may increase mixture strength
silicates and aluminosilicates may be high in the end

(13 — 15%) Al,O5 slag or low (3 — 5%)
Al O3 slag

(Irassar et al., 1996)

The presence of sulphides or sulphate in mine tailings can have detrimental effects
on the setting ability and long-term durability of cement and concrete mixtures. The high
sulphate concentrations in residual process water and the surrounding environment further
contribute to the weakening of the concrete's physical strength. These sulphates react with
the hydrated cement, resulting in the formation of expansive minerals like gypsum, which
leads to cracking and loss of strength. To mitigate these effects, additives such as slag are
used to reduce reliance on portlandite as a binder and enhance resistance to sulphate
solutions. While the addition of cement provides some neutralization potential, careful
consideration is needed to ensure that the ratio of neutralization potential to acid generating
potential (Neutralization Potential Ratio or NPR) is sufficient to alter the acid generating

classification of the backfill material.
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2.1.4 Particle Size Distribution and Particle Shape

Particle size distribution (PSD) is a critical factor in cemented paste backfilling (CPB) that

significantly influences the performance and properties of the backfill material. It impacts

workability, strength, permeability, and stability, as well as the hydration process of

cement. Optimizing particle size distribution ensures better packing, reducing void spaces

and enhancing density and strength. It promotes improved cohesion, stability, and

flowability, facilitating transportation and placement of the mixture. Proper management

of particle size distribution enables efficient void filling, reduced dilution of ore, and

controlled rheological properties that lead to successful underground mining operations

and increased productivity. Figure 2-8 shows PSD examples in the literature and Table 2-

3 summarises their corresponding PSD parameters (Qi et al. 2019).
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Figure 2-8: Typical PSD examples of tailings from the literature (Qi et al. 2019)
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Altering the particle size distribution of tailings material can enhance the
effectiveness of paste backfill. Hydro-cyclones have long been employed to achieve this
by generating distinct grain size categories, such as fine, medium, and coarse tailings. The
selection of appropriate hydro-cyclone sizes and control of operating variables enable the
production of desired particle size classes, facilitating improved performance of the paste
backfill mixture. The development of blended or composite fills emerged from efforts to
engineer and optimize uniformly graded fine or coarse materials for the purpose of creating
a structurally sound product. These innovative fill materials, also referred to as "aggregate"
fills, aim to achieve an optimal combination of properties through the careful blending and
composition of different materials. The goal is to create a cohesive and well-graded mixture

that exhibits enhanced structural integrity and performance (Annor B.A. 1999).

Table 2-3: PSD Properties of Tailings in Figure 2-8 (Qi et al. 2019)

Reference Minerals Country Dio(um) Dso(um) Deo(um) Cy Ce

Cihangir et al. (2012) Copper-zinc  Turkey  1.70 16.25 22.83 13.41 1.18
Chen et al. (2017) Copper China 5.16 24.20 35.40 6.86 1.03
Xu and Cao (2018) Copper China 46.38 170.13 190.80 4.11 1.62
Chen et al. (2018) Phosphate China 1.50 13.00 20.50 13.67 0.98
Panchal et al. (2015) Uranium India 3.45 22.65 32.76 9.44 0.96
Peng et al. (2015) Tungsten China 20.77 55.24 64.80 3.12 1.07
Yietal. (2015) Nickel China 3.12 34.32 48.45 15.53  1.27
Fall et al. (2010) Polymettalic Canada 3.70 22.40 32.50 870  4.00

The particle shape of tailings in cemented paste backfill is an important factor that
influences the flow ability, packing density, and mechanical properties of the mixture.

Tailings with irregular and angular shapes enhance interlocking and improve strength,
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while rounded or spherical particles promote flow ability. Achieving a balanced
distribution of particle shapes is crucial for optimizing the performance of cemented paste
backfill, ensuring both adequate strength and ease of placement. Factors such as ore
processing methods and geological characteristics impact the particle shape, and
understanding and controlling this distribution can help optimize the design and
effectiveness of cemented paste backfill in underground mining operations (Hassan and

and Archibald 1998)
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Figure 2-9: Effect of particle shape on interconnection of tailings in backfill (Hassan and

Archibald 1998)
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2.1.5 Mineralogical Analysis

Mineralogical analysis of tailings and cemented paste backfill involves the identification,
quantification, and characterization of minerals present in these materials. Techniques such
as X-ray diffraction, scanning electron microscopy, and mineral liberation analysis are
utilized to understand the mineral composition and potential chemical reactions. This
analysis provides crucial insights into the behavior and performance of cemented paste
backfill. This also helps in the selection of suitable binders and additives, optimizing
strength development, settling characteristics, and long-term stability. By examining the
mineralogical properties, engineers can enhance the design and efficiency of cemented

paste backfill systems, contributing to more sustainable mining practices.

Microstructural analysis techniques, such as scanning electron microscopy (SEM),
are commonly used to examine the surface and subsurface structure of materials. In the
context of cement chemistry and cemented paste backfill, microstructural analysis helps to

understand the hydration process and its progression over time. Figure 2-10 presents an

example of microstructural analysis conducted on tailings using scanning electron
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Figure 2-10: SEM images of tailings showing the typical angular particle shape (Qi et al.,
2019)
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Figure 2-11: SEM images of CPB samples after curing for 7, 28, and 60 days (Chen et al.,
2018).

microscopy (SEM). Other alternative techniques, such as environmental scanning electron
microscopy (ESEM), transmission electron microscopy (TEM), scanning transmission
electron microscopy (STEM), and Cryo-electron microscopy, can also be employed for
detailed analysis. These techniques provide valuable insights into the microstructure and
can contribute to the optimization and understanding of cemented paste backfilling. Figure
2-11 presents an example of microstructural analysis conducted on cemented paste backfill
(CPB) using scanning electron microscopy (SEM). The image demonstrates the

progression of cement hydration over time during the curing process (Chen et al., 2018).
2.2 Ultrasonic Properties Measurement

Ultrasonic properties measurements are commonly employed to assess the physical and
mechanical characteristics of cemented paste backfill (CPB). These measurements utilize
high-frequency ultrasonic waves to investigate the properties of the backfill material.
Ultrasonic properties measurements offer a non-destructive and efficient means of
evaluating the strength properties. One of the key parameters measured using ultrasonic
techniques is the ultrasonic pulse velocity (UPV). UPV represents the velocity at which the

ultrasonic waves propagate through the CPB sample. The UPV is influenced by various
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factors: such as the binder type and content, the density, porosity, composition and the

presence of any defects or discontinuities within the material.

By measuring the UPV, valuable information can be obtained about the integrity,
homogeneity, and quality of the CPB. Changes in the UPV can indicate variations in the
internal structure, density, and stiffness of the backfill material, providing insights into its
mechanical properties. Ultrasonic techniques also enable the determination of other
properties, including the elastic modulus and Poisson's ratio of the CPB. These parameters
provide insights into the material's ability to withstand stress and strain, its deformation
behavior, and its overall stiffness. Typical values of P-wave and S-wave of different earth

materials is depicted in the figure 2-12.

Ultrasonic measurement setups for characterizing the elastic properties

development in hydrating mine backfill typically involve the use of ultrasonic transducers

Wave velocity (km/s)
o 1 2 3 4 5 6 T:‘

B D1y sand P waves

I B \Mudstone
B B sandstone

[ B Basalt

Figure 2-12: Typical velocities of P-waves (red) and S-waves
(blue) in sediments and in solid crustal rocks (US EPA 2003)
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and instrumentation. The transducers emit high-frequency sound waves into the backfill
material, and the reflected waves are detected by the transducers. By analyzing the time it
takes for the waves to travel through the material and the amplitude of the received signals,
various properties can be determined. These properties may include the velocity of the
waves, which is related to the stiffness of the backfill and the attenuation of the waves. The
measurement setup often includes positioning the transducers at specific locations within
the backfill and recording the ultrasonic signals over time to monitor the development of

stiffness during the hydration process.
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Figure 2-13: Development of P-wave velocity with time for drying and submerged CPB
samples containing 3% and 5% binder (Galaa et al. 2011).

Galaa et al. (2011) conducted a pioneering study on ultrasonic properties
measurement for cemented paste backfilling samples. Their CPB samples comprised with
Portland cement and mine tailings from the Williams mine in Hemlo, Northern Ontario.
The objective of the test was to measure the velocities of P-waves (Vp) and S-waves (Vs)

in the samples over a period of one week after the mixing. Initial measurements were
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Figure 2-14: Development of S-wave velocity with time for drying and submerged CPB
samples containing 3% and 5% binder (Galaa et al. 2011).

conducted within the first 24 hours while the CPB was still in its soft state containing in
their molds. Two sets of samples were tested, one stored in air and the other submerged in
water. The measurements of P-wave velocities were recorded for the entire duration of the
testing, considering both binder contents and different relative humidity (RH) conditions.
P-waves were found to propagate through CPB in both its fluid and solid states. The results
for P-wave and S-wave velocities are presented in Figure 2-13 and Figure 2-14. The S-
waves were detected after 8 hours in the drying CPB samples, with velocities of
approximately 120 m/s for 3% CPB and 140 m/s for 5% CPB, with an error range of +4
m/s. From their experiment, it’s found that the S-wave velocities in the 5% CPB were

slightly higher than those in the 3% CPB (Galaa et al. 2011).

2.3 Rheological Properties

Significant amount of tailings are generated in the mineral processing phase of the ores

after mining operation. Disposal and safety of tailings and their environmental effects are

28



concerning matter for the mining industry. The most conventional way of managing
tailings are disposal into tailing dams or discharging into available water reservoir zone.
Backfilling into underground mine has become popular nowadays as a form of sustainable
management of tailings. The rheological analysis of tailings paste, cemented paste
backfilling has been developed due to the engineering requirements of mineral processing,

thickening, paste mixing, pipeline transportation, deformation of the filling body.
2.3.1 Paste Rheology in Metal Mines

Rheology is a field focused on understanding and mathematically describing the flow
behaviors of materials. In the context of metal mining, rheological studies aim to develop

constitutive equations that can predict the behavior of pastes used in processes like
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Figure 2-15: Flow Chart of Cemented Paste Backfill in Metal Mines (Wu, 2022)
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thickening, mixing, transportation, and backfilling. Experimental methods are used to
measure physical properties and validate these equations. Once the mathematical equations
are determined, they can be used to analyze the flow properties and deformation of the
paste materials. Numerical solutions are typically employed due to the complexity of non-
Newtonian fluids. The goal is to meet the engineering needs of metal mining processes by

applying rheological principles and developing models to describe material behavior.

Rheological analysis focused on understanding and mathematically describing the
flow behaviors of materials. In the context of metal mining, rheological studies aim to
develop constitutive equations that can predict the behavior of pastes used in processes like
thickening, mixing, transportation, and backfilling. Experimental methods are used to
measure physical properties and validate these equations. Once the mathematical equations
are determined, they can be used to analyze the flow properties and deformation of the
paste materials. Numerical solutions are typically employed due to the complexity of non-
Newtonian fluids. The goal is to meet the engineering needs of metal mining processes by

applying rheological principles and developing models to describe material behavior.
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Figure 2-16: Framework of Paste Rheology in Metal Mines (Wu, 2022)

30



2.3.2 Flow Properties of Tailings

Rheological analysis is crucial in understanding the flow and deformation of tailings paste
and cemented paste backfilling materials. The focus is on establishing constitutive
equations that mathematically express the rheological behavior of the paste, including its
flow and deformation under specific shear and flow conditions. Rheology explores the
deformation and flow of various materials, ranging from fluids to solids and suspensions.
By combining experimental and theoretical approaches, the goal is to develop a
comprehensive understanding of how materials deform and flow, leading to the
establishment of mathematical models that describe their behavior, known as constitutive

equations.

In South African platinum mining, tailings slurries consist primarily of either
Merensky or UG2 reef. The flow characteristics of these tailings types in each mine can
vary due to factors such as particle size distribution, solids concentration, and rheological
properties. The effect of slurry density (solid concentration) on the energy requirements
for pumping can be illustrated by considering the change in flow behavior at different
densities. Specifically, for a Merensky tailings system at Mine A, the flow behavior
transitions from 1.55 to 2.10 t/m3. Typical slurry properties for Merensky (Mine A) and
UGQG?2 tailings (Mine B) at these densities are provided in Table 2-4. At a density of 2.10
t/m?, the Merensky tailings are likely to exhibit a paste-like flow behavior, while UG2
tailings still have a relatively low yield stress and behave more like thickened tailings

(Paterson, 2004).
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Table 2-4: Comparison of Tailings Flow Properties from Two Mines (Paterson, 2004)

Parameter Mine A: Merensky Mine B: UG2

Slurgy density | | 55 1.70 2.10 1.55 1.70 2.100
(t/m?)

(Stj’rlr‘lgi)s density | 3 153 24 (3.20 average) 3.47-3.51 (3.49 average)

Solids 51.6%m 59.9%m | 76.2%m | 49.7%m 57.7%m | 73.4%m
concentration

Solids 25.0%v 31.8%v | 50.0%yv | 22.1%v 28.1%y | 44.2%v
concentration

Mean particle

e 65-100 ym 50-70 um

Bingham yield 1 1 51 pa 455Pa | 102.53Pa | 1.05Pa 3.06Pa | 45.41Pa

Plastic viscosity | 0.0046 Pa.s 0.0088 Pa.s | 0.4093 Pa.s | 0.0041 Pa.s 0.0071 Pa.s | 0.1162 Pa.s

Flow regime Conventional | Thickened | Paste Conventional | Thickened | Thickened

2.3.3 Yield Stress of Different Materials

The study of rheology primarily involves two aspects: (i) converting the flow behavior
observed in experiments into mathematical equations, and (ii) developing a constitutive
equation that can predict flow behavior not yet observed, creating a mathematical
representation of mechanical behavior. Fluids that require a minimum stress to initiate flow
and exhibit a solid-like response with small deformation before flowing are known as yield-
stress. These fluids behave similarly to Newtonian or pure-viscous non-Newtonian fluids
when the applied shear stress exceeds the threshold. Although they continue to display
viscous behavior after yielding and flow initiation. Some classify them as pure-viscous
non-Newtonian fluids (generalized Newtonian fluids). Examples of yield-stress non-

Newtonian fluids include mud, toothpaste, and concrete paste.
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Table 2-5: Yield Stress of Different Materials (Yilmaz, 2017)

Tomato Sauce 15 Pa

Salad Dressing 30 Pa
Toothpaste 110 Pa
Mayonnaise 100 Pa

Peanuts Butter 1500 — 1900 Pa
Thickened Tailing Disposal 30-100 Pa
Mine Stope Fill 250 — 800 Pa

The Bingham fluid is a type of non-Newtonian fluid with yield stress, commonly
found in high-concentration suspensions, drilling fluids, toothpaste, and certain paste in
mines. The flow behavior of a Bingham fluid is determined by whether the applied shear
stress exceeds its yield stress, with flow only happening when 1>ty (Wu, 2022). Examples
of yield-stress for non-Newtonian fluids include substances like mud, toothpaste, tailings
paste shown in table 2-5. Clayton et al. (2003) experimentally showed that two mixtures
having the same slump value can exhibit varying yield stresses. Mixtures with a yield stress
that is excessively low may result in lower strength values for a specific binder dosage.
Table 2-6 provides the yield stresses for materials having the same slump value but

different densities.

Table 2-6: Slump and Yield Stress Values of Different Mixtures (Clayton et. al, 2003)

Parameters Coal Tailings | Gold Tailings | Lead-Zinc Tailings
Specific gravity (kg/m?) 1450 2800 4100

Solids concentration (%) 36 75 75

Slurry density (kg/m?) 1120 1930 2310

Slump height (mm) 203 203 203

Yield stress (Pa) 160 275 330
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Figure 2-17: Slump Test with (a) a high value, (b) a normal value and (c) and a low value

(Yilmaz, 2017)

2.3.4 Yield Stress Measurement

The slump height is commonly used to assess the consistency of materials. However, this
measure can be influenced by various factors such as chemical composition, particle
properties and changes in density. In the mining context, relying solely on slump height for
consistency assessment can lead to problems. Therefore, yield stress is a reliable
measurement. If a relationship between slump height and yield stress can be established,
the slump test would be a convenient on-site method for measuring yield stress. The fluidity
of paste backfill is influenced by multiple factors, including solid ratio, water-to-cement
ratio, binder type and proportion, additives, particle characteristics, density, surface area,
and chemical properties. Increasing the water content in a paste backfill mixture results in
higher slump values and facilitates easier transportation through pipelines. However,
excessive water can extend the curing time, reduce the strength and durability of the

mixture.

Several models have been created to link the slump value to a corresponding yield
stress and predict the slumping behavior of the material. These models are based on

fundamental principles and use dimensionless variables, making them a material-
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independent and unique representation of the relationship between yield stress and slump
height. However, some uncertainty remains about the yield stress measurement techniques
used in these studies, so it is difficult to make definitive conclusions about the accuracy of

the models.
2.4 Consolidation of Cemented Tailings Backfill

There has been a developed consensus found from the literature that the strength of the
cemented paste backfill (CPB) sample made in the laboratory is different from the mixture
poured in the in-situ place. It is widely acknowledged that CPB samples produced in the
laboratory exhibit consistently lower mechanical strength compared to CPB samples
placed in the actual mining site. The underlying reason for this disparity lies in the gradual
development of effective stresses within the stope, resulting from self-weight or time-
dependent consolidation loads in the in-situ backfill material. These stress conditions
contribute to the progressive development of final strength. However, replicating the
precise in-situ CPB placement and properties using conventional molds in the laboratory
considered as a major constraint. This is primarily due to the inability to replicate the exact
in-situ conditions and the lack of suitable laboratory equipment and procedures (Servant,

2001).

2.4.1 CPB Consolidation Effect

When a load is applied to a saturated mass, the energy initially affects the pore water
pressure. This consolidation process takes time and is influenced by the permeability of the
materials. Coarse-grained materials with higher permeability consolidate more quickly,

while fine-grained materials with lower permeability take longer. The rate of consolidation
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depends on factors such as fluid viscosity, pore-size distribution, grain-size distribution,

void ratio, mineral particle roughness, and saturation.

The strength differences between laboratory-prepared cemented paste backfill (CPB)
samples and in situ backfill material are influenced several factors (such as scale effects,
placement methods, and in situ curing conditions). It is important to accurately measure
and understand the properties of field materials to optimize CPB recipes. Studies have
shown that the unconfined compressive strength (UCS) of CPB placed underground can
be significantly higher (4 to 6 times) than laboratory-prepared samples of the same CPB
recipe cast in conventional molds (Belem et al., 2002; Yilmaz et al., 2006). In-situ strength
also indicates that laboratory-made CPB samples underestimate the strength of in situ CPB

by a significant margin of 50% to 200%. (Grabinsky et al., 2008).

From literature, it’s also found that curing cemented materials under effective stress
enhances their mechanical strength, depending on the type and proportion of binders used
(Belem et al., 2002). The timing of applying the effective stress relative to the curing

process is crucial for CPB strength development. Applying the effective stress immediately

Effect of curing stress: Decreasing void ratio / porosity

(a) {b)

@0\

Y

Applied pressures

Cementitious matrix
Fine particle
Coarse particle

Hydrate product

Drainage water

Undrained Consolidated
(no effective stress) (effective stress)

Figure 2-18: Schematic representation of the effect of curing stress on the paste backfill

performance: a) undrained CPB sample; b) consolidated CPB sample (Yilmaz et al., 2010)
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before curing leads to higher strength due to the formation of cement bonds during
hydration (Fourie et al., 2006). However, if curing stress is applied after a few days of
hydration, the forming cement bonds may break down which leads to reduced material
strength and stiffness (Yilmaz et al., 2010). Understanding these factors is essential for

improving the performance and reliability of CPB in practical applications.

2.4.2 Curing Under Applied Pressure System (CUAPS)

As the CPB mixture is placed and hardens in a stope, its own weight and pressure create a
downward force that compresses the paste from the top to the bottom. This process aids in
the consolidation of the lower layers at an early stage. Yilmaz et al. (2009) did
comprehensive research on the effect of curing under pressure on compressive strength
development of CPB. The design of the curing under applied pressure system (CUAPS)
apparatus (figure 2-19) was influenced by a previous consolidation setup used by Belem et
al. (2002). CUAPS apparatus built to assess the in-situ strength performance of CPB under
loading by applying pneumatic pressure (up to 600 kPa) to the upper portion of sample.
The operating principle of CUAPS consists of one-dimensional compression of CPB
sample in a pressure vessel (Perspex cylinder) by vertical pressure application. The applied
pressure enables the excess pore water to escape from CPB material through a drainage
port located at the bottom of the unit. The CUAPS tool consists of three main component.
A rigid top plate with an axial loading piston that applies a pneumatic pressure and with a

dial gauge and pressure valve. A rigid Perspex mould protected by a metal cylinder to hold
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Figure 2-19: Schematic Diagram of CUAPS Apparatus (Yilmaz et al., 2009)
CPB specimen and a bottom plate with a central port equipped with a ceramic plate and

drainage port to drain the CPB sample excessive pore water.

From figure 2-20 it can be observed that consolidated CPB samples develop better
compressive strength than undrained ones, regardless of the curing time. This difference in
the mechanical strength development is presented mainly as a result of the consolidation
that reduces the porosity of the CPB compared to the undrained backfill sample (Belem et

al., 2002). For ordinary Portland cement, consolidated CPB samples provided a 37.1% and
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Figure 2-20: Variation in UCS with binder content for all CPB samples prepared using

ordinary Portland cement (Yilmaz et al., 2009).

14.5% higher UCS than undrained ones at 3 wt% and 10 wt% binder contents respectively.
CPB material prepared using coarse-grained tailings generates higher UCS than CPB made
of fine-grained tailings due to lower void ratio or porosity impacts. The experimental
findings indicate that CUAPS consolidated backfills generally produce better UCS strength
than the samples with mould-undrained backfills. That could explain the CPB strength
differences observed between laboratory-prepared samples (using conventional moulds)

and in situ backfill materials (Yilmaz et al., 2009).

However, a limitation of the CUAPS apparatus is that the pressure loading system
can apply a maximum pressure of 600 kPa which simulates a stope height range of only
25-30 m, depending on the tested material's unit weight and a diameter-to-height ratio of

0.5 (Yilmaz et al., 2009).
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2.4.3 Curing Under Pressure Apparatus (CPA)

In the CUAPS apparatus, the maximum applied pressure during curing was limited to 600
kPa which represent the simulated depth of 20 m. The 600 kPa stress does not describe
CPB samples from in situ condition as the maximum depth of CPB stope could be 100 m
or more. Zhao et al. (2021) conducted an experiment with axial load application up to 3.6
MPa considering the stope depth up to 150 m. The Curing under Pressure Apparatus (CPA)
shown in figure 2-21, was developed to simulate the in situ pressure experienced by a
cemented paste backfill (CPB) sample during the curing process in a stope. It is based on
a previous system designed by Yilmaz et al. (2009) which utilized a single convoluted air
spring with a maximum pressure capacity of 600 kPa. In contrast, the CPA setup employs
a hydraulic pump capable of providing up to 6 MPa of axial stress. The hydraulic pump

applies the axial load which is then transferred to a piston on top of the CPB sample during

@
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Base plate with bottom
drainage valve

Figure 2-21: Curing Under Pressure Apparatus (Zhao et al., 2021)
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curing. A load cell records the applied load. To maintain continuous axial pressure during
CPB curing, six screw nuts above and below the center plate are tightened once the desired

load level is reached.

Experimental findings Zhao et al. (2021) are illustrated in the figure 2-22 that
represent the stress—strain curves for samples under 12 curing conditions in the unconfined
compressive test. With the same 7-day curing time the four applied stress are 0 MPa, 1.2
MPa, 2.4 MPa and 3.6 MPa. CPB samples provided a UCS increase of 38.3%, 57.6%, and
130.2% for 1.2 MPa, 2.4 MPa, and 3.6 MPa consecutively applied stress at 7 days of curing
(figure 2-21a). Following that, the increase in UCS was found 29.6%, 105.4%, and 206.1%
for 1.2 MPa, 2.4 MPa, and 3.6 MPa consecutively applied stress after 14 days of curing

(figure 2-21b); and similarly 60.3%, 234.5%, and 390.7% for 1.2 MPa, 2.4 MPa, and 3.6
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Figure 2-22: Uniaxial compression test results for CPB under CPA Apparatus
(Zhao et al., 2021)
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MPa applied stress after 28 days of curing (figure 2-21c). Overall, as shown in figure 2-
21d, the increase in applied stress during curing leads to the higher resultant peak strength.
With the increase in curing time, especially after 28 days, the influence of applied stress
during curing becomes more pronounced; UCS increased by 390.7% when comparing
samples from no applied stress to 3.6 MPa axially applied stress on 28 days cured samples.
Moreover, as the stress applied during curing increases, the influence of curing time on

CPB UCS becomes more increasing as well.
2.5 Acid Mine Drainage of Cemented Tailings Backfill

Acid mine drainage (AMD) is a significant environmental concern that occurs when water
and oxygen comes into contact with sulfide minerals present in mining activities or
abandoned mine sites. As shown in figure 2-23, AMD releases highly acidic water through
chemical reactions with elevated concentrations of heavy metals and other contaminants
into the surrounding environment. This acidic water can have devastating effects on aquatic
ecosystems, damaging fish and other wildlife, degrading water quality, and impairing the
overall ecological balance. AMD poses a long-term environmental challenge, requiring
comprehensive management strategies to mitigate its impacts and prevent further

degradation of affected areas.

The first step involves the oxidation process of sulfide minerals which leads to
production of acid. Subsequently, when rainwater or snowmelt enters the waste piles, the

oxidized materials are leached. If there is a lack of enough alkaline minerals to neutralize
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Figure 2-23: The formation of acid mine drainage as a result of mineral processing
(Yilmaz et al., 2017)

the acid, the leach water becomes acidic. The process involved in the AMD generation, can

be represented by the following reactions using pyrite as the example.

FeSz (s) + 7/2 02 (g) + H,0 = Fex' + 2S04 (1) + 2H" (2-1)
Fe;" + % 0 (g) + H" = Fes" + 4 H,0 (2-2)
FeSz (s) + 14 Fe;" + 8H20 = 15 Fex" + 2S04% (1) + 16H* (2-3)
Fes" + 3H20 = Fe(OH); (s) + 3H" (2-4)

The overall sulphide to sulphate oxidation is summarized as follows:
FeS (s) + 15/4 02 (g) + 7/2 H20 = Fe(OH)s (s) + 2S04 (aq.) + 4H" (2-5)

According to MEND report 10.2 (2006), the potentiality of AMD generation reduces

significantly in underground backfill because:
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» Less free water that reduces leachate generation.

» Less available oxygen for having the higher degree of saturation.

» Preferential flow of ground water around backfill, rather than through it due to the
lower hydraulic conductivity of the paste backfill.

» The addition of cement that provides extra neutralization potential (NP) and
decreases effective porosity.

» The potential for flooding at closure which reduces sulphide oxidation in long-

term.

2.5.1 Air Permeability and Degree of Saturation

Higher saturation levels typically lead to a decrease in available oxygen, resulting in
reduced sulphide oxidation and reactivity within the tailings. The pore geometry influences
the amount of water present in the pores, known as the degree of saturation. Materials with
smaller pore spaces tend to retain more water under drained conditions due to higher
capillary suction. In the case of backfill, the degree of saturation can exceed the residual
level if water continues to infiltrate from the surrounding rock. If the influx of water is
sufficient, the backfill can become fully saturated, limiting the entry of oxygen to only the

dissolved amount in the incoming groundwater (MEND 10.2, 2006).
2.5.2 Water Permeability

The backfilling of underground workings with any material is expected to reduce
permeability and decrease long-term oxidation and contaminant release. The addition of
cement further lowers permeability by isolating the pores and reducing effective porosity.

Water flow through cemented backfill behaves similarly to fractured porous rock, with
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intact backfill and secondary cracks having different relationships regarding air
permeability and degree of saturation. Under dry conditions, partial oxidation may occur
in the intact backfill, while full oxidation can happen on fracture surfaces. Under wetter
conditions, flow through larger openings or cracks increases, reducing the available surface
area for oxidation. When the backfill is flooded, flow primarily occurs through secondary
openings or cracks, limiting oxidation. However, the formation of shrinkage cracks and
gaps during drainage under relatively dry conditions can increase oxidation (MEND 10.2,

2006).
2.5.3 CTB in Underground Environment

In underground mining, the conditions are different from laboratory or surface settings.
These conditions affect things like how the tailings and surrounding rock react, the quality
of subsurface water, the flow of underground water, and the air quality. During mining
operations, paste backfill is typically used in areas that are not flooded when the water table
is kept below the working areas. When mining operations end, the paste backfill can either
remain above the water table. This can be affected by a fluctuating water table or be
permanently flooded below the water table. The paste backfill is exposed to groundwater
and mine water which helps wash away soluble components on its surfaces. Metal mines
often have sulphate in the groundwater or wastewater which can lead to AMD with
sulphide minerals oxidize. The availability of oxygen plays a role in the amount of soluble
oxidation products that are produced. If oxygen ingression is limited, the production of

AMD may be reduced, but not entirely eliminated (MEND 10.2, 2006).
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Chapter 3: Evaluation of Strength, Ultrasonic and Rheological
Properties for Cemented Paste Backfill

3.1 Abstract

The cement (or binder) cost is a significant part of the operating costs in the backfilling
operations. Hence, optimization of cement or binders content is crucial by maintaining the
design strength parameters. High-quality backfill should use minimum cement or binder
content to maintain stability while the adjacent pillars are being recovered. The mechanical
strength properties of paste backfill are usually related to the uniaxial compressive strength
(UCS), stress—strain behavior and elastic properties.

In this study, the optimized strength parameters are measured during the curing
periods of CPB samples prepared with tailings, water and cement as a binder. The uniaxial
compressive strength (UCS) testing has been applied to evaluate the strength of CPB
samples mixed with 6% and 4% cement content by weight to achieve the design strength
of 1 MPa. Despite challenges due to the porous microstructure of CPB, the ultrasonic wave
propagation velocity (both P-wave and S-wave) has been successfully determined in the
laboratory following the ASTM Standard D2845 to monitor CPB hydration along different
curing time on the samples prepared with the same mixture recipe of UCS samples.
Moreover, procedure of yield stress measurement through analytical model from the slump

test is described for evaluating the rheological aspects of the tailings paste transportation.
3.2 Introduction

The strength characteristics of CPB play a crucial role in determining its effectiveness and

long-term stability. It involves a combination of cement hydration and particle interlocking
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mechanisms. Material properties, curing conditions, particle characteristics, and
optimization of the strength properties of CPB are the specific technical features of
underground backfilling operations.

The hydration of cementitious materials within the paste results in the formation of
a hardened matrix, providing structural integrity to the backfill. The curing conditions, such
as temperature and moisture, significantly affect the rate and extent of hydration, thereby
influencing the strength gain of the CPB. To assess the strength characteristics of CPB,
various laboratory tests are conducted, including unconfined compression tests, shear tests,
ultrasonic test. These tests measure the resistance of the CPB to compression, shear and
elastic behaviour. The obtained strength values are used to evaluate the stability and load-

bearing capacity of the backfill mass.

There are three modes in which the ultrasonic test can be conducted: through
transmission, pulse echo, and pitch catch. Gaala et al. (2009) recorded the P-wave and S-
wave signals of CPB samples in oscilloscope using the Panametrics model V103 and V153
piezoelectric transducer, pulsing unit (Panametrics S055UA) at 340V and pre-amplifier.
Chotard et al. (2001) employed the pulse echo method using 1 MHz parametric transducers
with low energy for testing cement mortars. Abo-Qudais (2005) utilized a PUNDIT pulser-
receiver capable of generating 1.2 kV, along with low-frequency piezoelectric transducers

(54 kHz) to test concrete at both 3 days and later after mixing.

Determining the flow properties of CPB is a crucial step in understanding how they
behave in different settings. In the mining industry, paste slurry used for backfilling can

have varying properties due to the presence of tailings particles, cement, water, and
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chemical additives. The consistency of CPB mixture should be appropriate during its
transportation through pipeline systems into mined-out underground openings to ensure
efficient and economical transportation. Therefore, the flow ability properties should also
be taken into account when designing the CPB mixtures. The physical, chemical and
mineralogical characteristics of the paste backfill components have a significant impact on

the consistency of the paste material.
3.3 Materials and Methodology

3.3.1 Physical Properties Measurement

Physical properties of tailings are important parameters to properly design the mixture
recipe and for the backfilling mixture as well as pouring process. Here, bulk density,
specific gravity, absorption, void content, moisture content has been determined in the lab
experiment following the ASTM standards for the tailings on the collected samples from
anaconda mining site. The sample of the tailings while determining the bulk density are

shown in the figure 3-1.

L —

Figure 3-1: Cylindrical Measure for Determining Bulk Density
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Bulk Density
Bulk density of the tailings from Anaconda has been determined by following the “ASTM

C29 — Standard Test Methods for Bulk Density and Voids in Aggregate”. The experiments
has followed both loose and compacted condition. The tailings dried in the oven at 110
degree Celsius temperature for 24 hours. There are two types of cylindrical container has
that been used to calculate the volume of the measuring equipment. The average value of
measured loose bulk density is 1491.5 kg/m® and the compacted bulk density is 1748

kg/m?.

Specific Gravity

Relative density (Specific Gravity) of the tailings from Anaconda has been determined by
following the “ASTM C128 — Standard Test Method for Relative Density (Specific

Gravity) and Absorption of Fine Aggregate”. As shown in Figure 3-2, specific gravity is

Figure 3-2: Specific Gravity Determination using Pycnometer and Le Chateliar Flask

49



determined with the Pycnometer following the gravimetric procedure and Le Chatelier
flask following the volumetric procedure. Both oven dry tailings and saturated surface dry
(SSD) tailings has been used in the experimental procedure. Following the gravimetric
procedure, the average measured specific gravity on oven dry samples is 2.501 and specific
gravity on saturated surface dry (SSD) sample is 2.549. Following the volumetric
procedure, the average measured specific gravity on saturated surface dry sample is 2.68.
The average value of measured absorption is 1.92%. The moisture content of SSD sample

is 5% and water soaked tailings sample is 24%.
3.3.2 Testing Frame

A uniaxial compression test-loading frame is a mechanical device used to apply a
unidirectional compressive force to a specimen during a uniaxial compression test. The
loading frame typically consists of study materials and is designed to withstand high forces
without deformation. It consists of two main components: the fixed platen and the moving
platen. The loading frame provides precise control over the applied force, allowing for
accurate measurement of the specimen's mechanical properties under compression. It is
often equipped with load cells or strain gauges to measure the applied force and
deformation of the specimen. This data is crucial for analyzing the stress-strain behavior,

strength, and other mechanical characteristics of the material being tested.

Instron’s electromechanical testing systems are used to conduct the uniaxial
compression test following the ASTM standard C39 on the CPB samples. Schematic
drawing of Instron frame has shown in the figure 3-3. Instron electromechanical load

frames are built to apply force to a sample through the moving crosshead. The system
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Figure 3-3: Instron 5560H Loading Frame for UCS Testing

moves the crosshead upward to exert a tensile force on the sample or downward to apply a
compressive force on the sample. The applied load is measured by a transducer (load cell)
that is positioned in line with the specimen. The load cell changes the load into an electrical
signal, which is monitored and shown by the control system. The load cells can be
substituted with others of varying capacities, offering a variety of load measuring capacities
that are only limited by the maximum capacity of the load frame. The systems can also
utilize strain transducers (extensometers) to measure strain. The advantage of this loading
frame is to have the customized loading rate and displacement rate. The applied pressure
can be controlled either through the loading or through displacement rate. In our testing,

the set loading rate is 0.5 KN/min and the set displacement rate 0.005 mm/sec.
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3.3.3 Mixture Properties

CPB is designed by combining cement, water, and various additives to form a mixture with
specific properties. The compressive strength of the mixture can be tailored to meet project
requirements by adjusting the cement content and curing conditions. The mixture should
have suitable rheological properties to allow for easy pumping through pipelines or
underground placement. In this study, the mixture recipe consists of majorly tailings from
anaconda mining site, cement and water. After mixing the materials, 4 inch and 2 inch
cylindrical mold were prepared for UCS testing in the Instron loading frame. The size of
the cylindrical molds are 4 inch diameter x 8 inch length and 2 inch diameter x 4 inch
length. The ratio of the mixture properties is mentioned in the following Table 3-1. The

percentage of the mixture mentioned here are the weight percentage of total mixture.

3.3.4 Equipment Set-up of Ultrasonic Measurement

The equipment setup for ultrasonic properties measurement of cemented paste backfill
(CPB) typically involves ultrasonic pulser/receiver, transducers, coupling medium, data
acquisition and interpretation system, sample holder. Ultrasonic pulser/receiver device

Table 3-1: Mixture Properties of CPB Samples

4 % (By Wt.) 6% (By Wt.)
Cement Cement
Prpportional Ingredients of CPB 76% Tailings 74% Tailings
Mixture 4% Cement 6% Cement
20% Water 20% Water
Wet Density of CPB Mixture 2007.87 kg/m? 2019.43 kg/m’
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generates the ultrasonic pulses and receives the signals. It provides the electrical energy to
the transducers and amplifies the received signals for analysis. Transducers emit and
receive ultrasonic waves. For CPB measurements, typically piezoelectric transducers are
used. They convert electrical energy into mechanical vibrations and vice versa. A pair of
transducers is used—one as a transmitter and the other as a receiver. A coupling medium
is used to ensure efficient transmission of ultrasonic waves between the transducers and
the CPB sample. It is typically a gel or a liquid that helps in reducing signal loss at the
transducer-sample interface. A sample holder or container ensures proper alignment of the
transducers with the sample and helps in achieving consistent and accurate results. A data
acquisition system is used to capture and process the signals received from the transducers.
Data interpretation system display the received signals and perform interpretation of the
measurements. It may provide features for signal processing, waveform analysis, and

calculation of ultrasonic properties such as pulse velocity.

Here in the laboratory set-up, P-wave and S-wave wave velocity were measured on
2 inch x 4 inch cylindrical samples by using a TDS 1002B Two Channel Digital Storage

Oscilloscope, Panametrics Square Wave Pulser/Receiver Model 5077PR, and two
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Figure 3-4: Equipment Set-up of the Ultrasonic Testing of CPB Samples

Panametrics transducer. The pulser/receiver model has an in-built amplifier and the
amplification frequency was 59 dB. Shear wave couplant was used to ensure complete
contact between sensors and rock samples. Recorded data is stored and later processed for
P-wave velocity (Vp) and S-wave velocity (Vs) determination. The equipment set-up is
depicted in the figure 3-4. The waves are detected at the receiving transducer and the travel
time through the sample of length is used to calculate velocity. From the data interpretation
of oscilloscope the travel time is determined for each sample. Then, using the velocity =
length/travel time formula, the Vp and Vs was calculated. For each samples, several
measurements of travel time was recorded in order to ensure the accuracy of measurements.
Following the “ASTM standard D2845 — laboratory determination of pulse velocities and
ultrasonic elastic constant of rock”, mean values of Vp, Vs and density together were used
to calculate the shear wave modulus (G), elastic modulus (E), bulk modulus (K), and

Poisson’s ratio (v).
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3.3.5 Development of Slump Model

Following the study of Clayton et al. (2003), analytical models for the slump test has
presented in the figure 3-5 and figure 3-6 for both the cone and cylinder tests. The
cylindrical model can be applied to cylinders with the diameter to length ratio 1:1, but the
cone model is specific to cones with a base diameter double that of the top diameter
(Clayton et al., 2003). To allow for comparison with the cylinder model, a generalized cone
model was created. It is assumed that removing the slump cylinder or cone will not change
the material's shape. The material is believed to be a perfectly cylindrical or conical shape
before it is disturbed. This can only happen if the inner surface of the slump cylinder or
cone has perfect slipping. It is assumed that stress exerted on the material is only the
vertical stress resulting from the gravitational force acting on the material itself. Therefore,
the pressure (P) in the material at some height (z) below the top surface can be expressed

as the weight of material above position z.

_ .
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Unyielded
dz H !
h
Yielded
¥
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¥

Figure 3-5: Schematic diagram of the cylinder slump test, showing initial and final stress
distributions (Pashias et al., 1996)

55



wn

Unyielded

=
=
+ M >

o+ —
f

Yielded

|TH’| S— Ti—bStrcss (t)

Figure 3-6: Schematic diagram of the conical slump test, showing initial and final stress
distributions (Schowalter and Christensen, 1998)
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Cylinder: P |, = pgz (3-1)
: _ P9z ([ Ro Z (Ru—Ro) _ ! i
Cone:P |, = 3 (RH— Ro) X (1+ H( Re ) (1+§(RHR;RO))2 ) (3-2)
0

Here, H is the height of the un-deformed mixtures, p is the density, g is the acceleration
due to gravity. The material is assumed to behave as an elastic solid, for which the
maximum shear stress that can act on a body when a pressure (P) applied to it in a normal
direction is equal to half of the pressure (Hibbeler, 1997). For the dimensionless form

(denoted by '), the stress is scaled with pgH and the height with H.

1
Cylinder: T |7 = E z' (3-3)
a z' 1
Cone:T |y == (|1+—=)— —) (3-4)
6 a (1+2)2
a
Ry
Where, d = ——
Ry — Ry

The results are expressed in terms of dimensionless variables to enable generalisation of
the slump model for different-sized slump moulds and different yield stress materials. The

dimensionless variables are defined as follows:

56



T'y = Ty/pgH = dimensionless yield stress,

s' = s/H = dimensionless slump height,

h's = ho/H = dimensionless height of un-deformed region,
h'i = hi/H = dimensionless height of deformed region.

Final expressions relating dimensionless slump height and dimensionless yield stress
results to cone and cylindrical models. In a standard experiment, the height of the slump is
measured, transformed into a dimensionless value, and subsequently the dimensionless
yield stress is determined. The actual yield stress is then calculated by multiplying the

dimensionless yield stress with pgH.

3.4 Results and Discussion

3.4.1 Experimental Results of UCS Testing

The experimental testing for the uniaxial compression test were conducted in the instron
frame following the ASTM C39. That frame is capable to compress the testing sample
based on the customized loading rate or displacement rate. In this phase of testing, the set
loading rate was 0.5 kN/min and the set displacement rate was 0.005 mm/sec. During the
testing of the samples on loading rate controlled, the testing was stopped immediately after
the peak strength (i.e: breakage) of the samples. On the other hand, the testing samples that
used the displacement rate controlled loading, the samples were allowed to continue
loading even after breakage to understand the post-failure behavior of the samples. From
the Figure 3-8, it can be overserved that the strain length on the testing samples of

displacement rate is higher than the samples that were tested through the loading rate.
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Figure 3-7: Cylindrical Samples of CPB for UCS Testing in the Instron Loading Frame

The Figure 3-7 shows the tested sample after breakage in the testing frame. There, the left

sample is four inch cylindrical mold and the right samples is two inch cylindrical mold.

The UCS test were conducted on 14 days and 28 days of cured samples for four inch and

two inch diameter cylindrical mould samples. On each curing days and for each cement

percentage, three samples were prepared to conduct the UCS testing. The tested average

results from all experiments are shown in the Table 3-2. The observed strength in the Figure

3-8 shows the average data from three tested samples after 28 days of curing in the moisture
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Figure 3-8: Stress-Strain curve showing the results of CPB samples:

a) Loading Rate Controlled; b) Displacement Rate Controlled
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room. On each testing day, three samples from 4% and 6% cement (by weight) specimen
was taken for testing. The UCS testing in the instron frame is providing good quality stress-
strain curve for the low-strength CPB sample. In both loading and displacement rate
controlled testing, after 28 days of curing the uniaxial compressive strength results ranges

around 0.5 MPa for 4 wt% cement samples and around 1 MPa for 6 wt% cement samples.

Table 3-2: Summary of Average UCS Results from Experimental Testing with CPB

4 inch Samples 4 inch Samples
Loading Rate Controlled - 0.5 KN/min Displacement Rate Controlled - 0.005 mm/sec
4% (Wt.) Cement 6% (Wt.) Cement 4% (Wt.) Cement 6% (Wt.) Cement
Curing .
UCs, (MP UCS, (MP
Time » (MPa) » (MPa) CTLE“eg UCS, (MPa) UCS, (MPa)
14 Days 0.506 0.945
28 Days 0.571 0.971 28 Days 0.492 0.943
2 inch Samples 2 inch Samples
Loading Rate Controlled - 0.5 KN/min Displacement Rate Controlled - 0.005 mm/sec
4% (Wt.) Cement 6% (Wt.) Cement 4% (Wt.) Cement 6% (Wt.) Cement
Curing .
. uUCs, (MP UCSs, (MP
Time » (MPa) » (MPa) CT“iglneg UCS, (MPa) UCS, (MPa)
14 Days 0.427 0.85
28 Days 0.441 0.952 28 Days 0.447 0.963

3.4.2 Elastic Properties

Ultrasonic wave propagation in cemented paste backfill (CPB) involves a dynamic load
regime, characterized by cyclic loading with strain rate and frequency considerations.
When transmitting the ultrasonic wave, the CPB skeleton undergoes deformation. The
velocity of the wave is linked to the deformation characteristics of internal structures,
allowing for the calculation of elastic properties. Compression waves (P-wave) induce
deformation in the direction of propagation, while shear waves (S-waves) cause
deformation perpendicular to it. This provides two distinct measures of CPB deformability.

Using both compression (Vp) and shear velocities (Vs) elastic properties are calculated
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Figure 3-7: P-wave and S-wave velocities of CPB samples on different curing days.
following the equations from ASTM D2845. For each percentage of CPB samples on each
testing days, three samples were used to conduct the non-destructive ultrasonic testing.
After completing the measurement, the samples were put into the moisture room for
consecutive curing. Figure 3-9 shows the average data of P-wave velocity (Vp) and S-
wave velocity (Vs) on the tested 4 Wt% and 6 Wt% cement content samples on 7, 14, 21

and 28 days of curing.

Table 3-3: Average Elastic properties of 6% cemented samples on different curing days

. Vp Vs Shear Young’s Bulk Poisson's P-wave
Curing Days Modulas, p  Modulas, E  Modulas, K . modulas, M
(km/sec)  (km/sec) (GPa) (GPa) (GPa) Ratio, v (GPa)
7 Days 1.35 0.81 1.33 3.44 2.05 0.25 3.96
14 Days 1.49 0.85 1.48 3.83 2.27 0.21 4.38
21 Days 1.57 0.87 1.56 3.73 2.50 0.23 4.50
28 Days 1.71 0.93 1.64 3.85 2.79 0.21 4.75

In the table 3-3 and 3-4, the experimentally measured value of elastic properties for 6%
and 4% CPB samples are presented respectively. On each curing days on each samples,

five consecutive measurements were conducted to get the Vp and Vs. From that five
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measurement, using the average Vp and Vs values the elastic properties were calculated.
Then, average values of all the measurement for each cement percentage samples have

been presented the listed data tables.

Table 3-4: Average Elastic properties of 4% cemented samples on different curing days

Curing Vp Vs Shear Young Bulk Poisson's P-wave
Days (km/sec)  (kmy/sec) Modulas, @ Modulas, E ~ Modulas, K Ratio, v modulas, M
(GPa) (GPa) (GPa) (GPa)
7 Days 1.13 0.63 0.90 2.21 1.61 0.28 2.82
14 Days 1.21 0.68 1.09 2.74 1.94 0.26 3.40
21 Days 1.29 0.71 1.20 3.05 2.35 0.27 3.94
28 Days 1.41 0.78 1.24 3.27 2.20 0.23 3.81

3.4.3 Slump Test

Usually, a higher slump height suggests a lower yield stress and more fluid-like behavior.
A lower slump height suggests a higher yield stress and more solid-like behavior. While
slump height alone does not provide a direct measurement of yield stress or rheology, it
can serve as an indicator or qualitative measure of the flow behavior and consistency of
cemented paste tailings. Slump test is an empirical measure dependent on yield stress,

density, chemical composition, particle specific gravity, and particle size.

Table 3-5: Average calculated yield stress from slump test with CPB

Solid & Binder ‘ o
Conical Slump Cylindrical Slump
Concentrations (Wt%)
Average Slump Height 7 cm 2.5 cm
6% Cement, 74% Tailings 569 Pa 434 Pa
4% Cement, 76% Tailings 618 Pa 462 Pa
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A series of experiments were conducted to compare the cylinder and cone slump
tests and the models associated with them. The experiments were performed with the
anaconda tailings at two different cement concentrations as described in the Table 3-1. The
slump models for the cone and cylinder tests are derived from principles of dimensionless
form. As a result, the models offer a material-independent singular relationship between
the yield stress and slump height. The height and diameter of the cylindrical slump is 10
cm. The length to diameter ratio is 1:1. The size of the conical slump and height-diameter
is followed accordingly the ASTM C143. Comparatively, cylinder model provides a
mathematically simpler representation, which is advantageous for measurement. Table 3-
5 shows the measured yield stress properties from slump test for two different kind of
mixture ingredients. Clayton et al. (2003) stated that for paste fill transport, the expected
slump value is 20 cm. Here, the data of Table 3-5 showing high yield stress and low slump
value for the CPB mixtures in both cylindrical and conical slump test. In both type of CPB
mixtures as per Table 3-1, the paste has low flow ability. This kind of high yield stress and
lower slump value mixture could plug in the pipeline that may lead to disruption in

operation. To develop the transportability of that CPB mixture through pipeline further

optimization of CPB mixture is necessary while maintaining the design strength.
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3.5 Conclusion

The UCS testing in the Instron frame provides good quality stress-strain curve for the low-
strength backfilling sample. The uniaxial compressive strength results range around 0.5
MPa for 4 wt% cement samples and around 1 MPa for 6 wt% cement samples in both
loading and displacement rate controlled testing. Displacement controlled testing is a
method that allows to examine the post-failure behavior of a sample by controlling the rate

of deformation.

The ultrasonic wave velocities were measured throughout the testing period for
both binder contents (6% & 4%) in the CPB samples. To have good quality wave in
ultrasonic equipment, pre-amplifier and acoustic coupling is needed. The CPB samples
exhibited the ability to transmit P-waves, with velocities ranging from 1.13 to 1.71 km/s.
Similarly, the S-wave velocities ranged from 0.63 to 0.93 km/s. The 6% CPB samples
consistently showed slightly higher P-wave and S-wave velocities compared to the 4%
CPB samples during the entire experiment. Following the Table 3-3 and 3-4, it can be
observed that the 6% CPB samples has the higher elastic values than 4% CPB samples.
Capturing the P-wave and S-wave in the ultrasonic equipment can be a challenging task
where it takes experience and proper skill to identify the wave categories. The
differentiation between the P-wave and S-wave sometimes can be convoluted because of

their interference on each other.

The data in Table 3-5 shows that the CPB mixtures have thick consistency and don't
flow well in both cylindrical and conical slump tests. This kind of mixture could clog the

pipeline without any external operational support. To make it easier to transport through
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the pipeline while maintaining its strength, there is a need to improve the CPB mixture.
However, the yield stress can vary due to factors like chemical composition and particle
characteristics. Relying solely on slump height for consistency evaluation in mining waste
disposal systems can be problematic. The yield stress is preferred as an indicator of

consistency.
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Chapter 4: Effect of Particle Gradation on the Strength
Properties of Cemented Paste Backfill (CPB)

This chapter discusses the published technical paper titled "Effect of Particle Gradation on
the Strength Properties of Cemented Paste Backfill (CPB)". The authors of this paper are
Mohammad Shafaet Jamil, Zijian Li, Dr. Abdelsalam Abugharara and Professor Stephen
Butt. The paper was published in the proceedings of GeoCalgary 2022 on October 2 - 5,
2022 - at the 75th Canadian Geotechnical Conference (CGS), Calgary, Alberta, Canada.

The author's dedicated contributions are described as follows:

e Mohammad Shafaet Jamil: Conceptual analysis, literature review, experimental design,
experimental work, data analysis, and manuscript preparation.

e Zijian Li: Planning on sample collection, XRD analysis, manuscript proof reading.

e Dr. Abdelsalam Abugharara: Co-ordination for purchase of materials, Laboratory
support in sample preparation, experimental testing, manuscript proof reading.

e Professor Stephen Butt: Research and experimental guidance. Overall supervision,

manuscript review and approval of all stages throughout the whole work process.

4.1 Abstract

A comprehensive laboratory study was performed on CPB samples collected from
backfilling operations to investigate the influence of particle gradation variation on
developing strength at different curing times. Two different locally sourced aggregates
were used to prepare the backfill mixtures. The measurement of strength was evaluated by
the uniaxial compressive strength (UCS) test on the collected specimens. The particle size

distribution of each source material was determined by dry sieve analysis which showed
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that one material is classified as well-graded and the other as poorly graded. The observed
strength after 28 days of curing is around 1 to 2 MPa for samples using the well-graded
aggregates. Conversely, the UCS results are less than 1 MPa for the poorly graded
aggregates. Moreover, a comparative analytical data of tailings and aggregates are

represented from the strength values and particle size distribution parameters.

4.2 Introduction

In underground mining, backfilling method is used in both cut and fill mining and open
stoping mining to fill completed production openings to stabilize hanging wall formations
and to facilitate mining ore adjacent to backfilled openings. Backfilling provides
improvement in safety support to the engineering structures by controlling subsidence and
movement of structures. It also provides sufficient workspace for mining equipment and

workers, leading to an increase in ore body production.

The backfilling process should provide a feasible and economical solution for
preparing the material into a competent structural product, which would be depended on
the availability of abundant sources of quality materials near the mining areas. Hence, to
match the engineering, economic and sustainable criteria of the backfilling operation, it is
essential to make a careful selection of locally available backfilling materials from tailings,
waste rock, aggregates, and metallurgical by-products (Petrolito et al. 1998; Bloss and

Greenwood 1998)

In the mining industry, tailings management is one of the biggest challenges. It is
increasingly common to utilize tailings as the principal constituent in Cemented Paste

Backfill (CPB) for backfilling operations to reduce surface tailings storage requirements.
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This takes advantage of already available source material and improves the overall long-

term sustainability of the mining operation.

Developing good quality backfill materials depends on the range of strength build-
up as a function of particle size gradation, binder and moisture contents, curing
environment and time. Among the conventional backfilling methods, paste backfill gives
better support and early stabilization which often leads to high strength and stiffness
(Bissonnette, 1995). Aref et al. (1989) have reported that paste fill has fast consolidation
and uses less binder, usually between 2 and 7 percent. Ouellet et al. (1998) suggested that
sufficient cohesion from the cement bond should be there to prevent the mining induced
loading and improve the liquefaction resistance of the fill mass to ensure stability. Hedley
(1995) reported that compressive strength and deformation modulus of paste fills are
primarily influenced by the cement or binder content and to a less extent by porosity.
Binder/water ratio and moisture content influence the development of strength properties
more than particle size gradation for backfilling mixture (Chen et el, 1995). Thus, the
reduced binder content and early development of strength of the CPB method lead to higher

productivity and lower operating costs.

Particle size ranges and the gradation characteristic of the CPB tailing material
plays a crucial role in the mechanical properties of backfill materials (Espley et al., 1970).
In terms of mine backfill, the primary purpose for optimizing particle size distribution is to
achieve a well-graded aggregate distribution to obtain optimum porosity which leads to
reduction in binder consumption and mine operating cost (Thomas et al., 1979). Ross-Watt

(1989) reported that when the fine materials increases, the strength of the paste backfill
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increases. Contrary, Clark (1988) experimentally showed that the presence of fine particles

decreased the compressive strengths of total tailings paste backfill.

The experimental findings of Annor (1999) reported that timely improvements in
compressive strength happened when the mixtures were well-graded, having wider range
of particle size gradation. Then, Boldt et al. (1993) suggested that binder content and
moisture control, fine portion in tailings considered to have more influence on strength
development than aggregate gradation alone. They further stated that optimum
water/cement ratio and grain size gradation influenced the strength development in tailings
paste. At higher water/cement ratios (7 to 11), particle size gradation seems to have minor

effect on compressive strength development (Boldt et al., 1993).

Generally, the backfill design is based on the capability of sustaining both the
gravitational loading of the roof material and preventing subsidence. The unconfined
compressive strength (UCS) test is one of the most important parameters to be considered
for strength measurement when dealing with cemented backfill system. In this study, UCS
test was conducted on three different days of curing with the collected backfilling sample
from field operation. Particle size distribution analysis was conducted on the collected
aggregates samples and tailings which were used as major constituents in preparing the
backfilling mixtures. An approach is taken here to identify the differences in strength of
different backfilling samples by comparative data analysis from the particle size

distribution results.

68



4.3 Materials and Equipment

The backfilling mixture samples were collected from the field operation into cylindrical
molds. After being hardened enough and curing in the cold temperature, those molds filled
with backfilling mixture and some aggregates samples were transferred into the lab for
testing. In the lab, the cylindrical molds were transferred to the moisture condition for
curing and test was conducted on different curing days. Compositional analysis using the
X-ray diffraction (XRD) method was conducted in the lab for analyzing the components in

the aggregates and tailings.

Backfilling ingredients were mixed in the concrete mixing truck. Here, the mixing
operation of each truck is mentioned as a batch. Around five to seven cubic meters of
backfilling mixer were prepared in each batch. From the each batch mixture, samples were
collected into the cylindrical molds for lab testing. The backfilling mixture were poured

into the excavated zone. Batch one to batch six were prepared with the SL aggregates.

'-:'-'-—T'! 5=

Figure 4-1: Two Different Aggregates.
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Batch seven to batch thirteen were prepared with the BR aggregates. From batch one to
batch thirteen, the mixture proportion by weight percentage are approximately 85%
aggregates, 8% water, 5% cement, and the water to cement ratio (w/c) is around 1.47 and
anti-washout additive used 1 litre/m?. In batch one to ten, the mixing quantity of calcium
chloride is about 3% by weight of the cement. But in the batch eleven to batch thirteen, the
calcium chloride used around 10% by weight of the cement content. The moisture content

was around 8% in all samples.
4.3.1 Backfill Materials

The aggregate is an extracted material from nearby sources like rivers, excavation areas,
etc., which is composed of rock and mineral particles. Aggregates from natural sources are
suitable backfill materials based on the availability, grain size and reserves. There are two
types of aggregates and tailings have been used for preparing the backfilling mixtures in
the field. The aggregates are collected from the local sources nearby the excavated area.
The first one is named SL aggregates, has included in the top of Figure 4-1 and the second
one is named BR aggregates shown in the bottom of Figure 4-1. The tailings are collected

from the nearby mining operation area. The objective is to utilize the tailings for the

L | | '_ e o W Ciinochiore fib-4 » Mg4. 5440 97Fe0...
2500w »-.-fwuﬁ-rﬁﬂ %w‘w Y et el .Y.‘,w.j-#w«-mmww%-rr‘- B Quartz s 502
249% A

ATV O O A

T T
30 50 0 8

Two-Theta (deg)

Figure 4-2: XRD Results of SL Aggregates
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Figure 4-3: XRD Results of BR Aggregates
backfilling operation and compare the results with the aggregates or a combination of

aggregates and tailing to achieve adequate strength with minimum cost.

X-ray diffraction (XRD) analysis for the aggregates has been conducted to
determine the chemical composition. As shown in Figure 4-2 and 4-3, the major
components for SL aggregates are Clinochlore, Quartz, Albite containing 36.4%, 24.9%,
19.2% respectively. The major components for BR aggregates are Albite, Quartz,
Muscovite containing 47.5%, 42.7%, 3.8% respectively. The XRD results of the tailings
collected from the concerned gold mine is shown in the Figure 4-4. Quan et al. (2021)
reported that the major component of the tailings is Quartz. The amount of silica and
calcium contents are 31% and 5.5%, respectively. Some other minor components are

Calcite, Albite, Muscovite, Clinchlore.
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Figure 4-4: XRD Results of Tailings Sample (Quan et al. 2021)
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4.3.2 Binders

For efficient backfill preparation, the evaluation of binder composition and the curing
environment is important factor. Most commonly used cementitious materials such as
Ordinary Portland Cement (OPC) have been utilized here. Type of binder and composition,
moisture content, and water/binder ratio tend to regulate the development of strength
properties in backfill material preparation. Among the backfilling mixture properties, the
cost of binders/cement constitutes a significant portion compared to the other materials.
The objective is to minimize the cost of cement/binders by developing the aggregates or
tailings mixture to an extent where adequate strength would be gained within the required

curing time.
4.3.3 Anti-washout Additive

The excavated zone where the backfilling mixture has been poured is filled with water.
When the cement mixture is poured into the water without adding any specific additives,
it affects the binding ability of the cement with aggregates. In that case, the underwater
concrete method would minimize this effect. The underwater concrete method is widely
used in offshore construction, bridges, and foundations in soil with the water level. The
underwater concrete is highly flowable concrete that can spread into place under its own
weight and get good compaction without vibration. The anti-wash additives mixture
provides the resistance to washout, segregation, bleeding in case the concrete is washed
out during the placement. The anti-washout additive is substantially influential in
enhancing the cohesiveness and rheological properties of backfilling mixture that is poured

1n water.
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4.3.4 Accelerator

Usually, the accelerator in the concrete admixture shortens the curing time and increases
the rate of early strength development. The cold weather influences the concrete's slow
curing and delays the setting process. Due to cold temperature, water in the concrete is
prone to freeze and expand, cracking and weakening the strength of the concrete. Adding
an accelerator makes the hydration process of the concrete faster and the set time can be
reduced significantly. In the concrete mixture industry, calcium chloride as an accelerator
has been very popular. During backfilling operation in winter, the temperature was cold
there and there was no concern of rebar corrosion which makes the calcium chloride
convenient considering the cheap cost and availability. During the mixture of backfilling,
calcium chloride in different batches with varying percentages has been used as the

accelerator.
4.3.5 Particle Size Distribution Analysis

Particle size distribution analysis is an analytical procedure to determine the range of the
coarse and finer aggregates. The analysis is followed by arranging several layers of sieves
with different grades of sieve opening sizes. Particle size distribution can influence the
properties like the strength of concrete, solubility of mixture. Among all the available sieve
analysis procedures, the dry sieve analysis has been conducted in this study. Particle size
distribution has been conducted using the two widely used ASTM standards. The first one
is ASTM D6913 — particle size distribution (gradation) of soils using sieve analysis, then

ASTM C136 — sieve analysis of fine and coarse aggregates.
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Figure 4-5: Sample Splitters (Riffles) - ASTM C702

Sample splitter has been used to obtain a representative portion of the materials.
This procedure is followed by according to the ASTM standard C702 — reducing samples
of aggregates to testing size. In the Figure 4-5, the sample splitter has an even number of
equal width chutes. The splitter is equipped with two receptacles to hold the two halves of
the samples following splitting. Samples are fed to the hopper at the top portion and fed to
the chutes at a controlled rate. The sample needs to flow smoothly without restriction or

loss of materials.
4.4 Experimental Analysis

4.4.1 Slump Test

The slump test measures the consistency of the freshly mixed concrete batches before it is
set to maintain the standard of quality and strength. It measures the workability of the
concrete and determines how easily the concrete will flow when it is poured into the site.
It provides a good indication of the water-cement mixture ratio. Annor (1999) reported that
the workable limits for paste fill mix design and stabilization were found to be between
176 mm and 228 mm slump. The standard was followed for measuring the slump of the

mixer using the method stated in the ASTM standard C143 — slump of hydraulic cement
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Figure 4-6: Slum test for the backfilling mixtures using SL aggregates
concrete. The slump test was conducted immediately after the mixer occurred in the

concrete mixing truck. The measured average distance of the slump is around 9.43 inches

(239 mm).
4.4.2 Uniaxial Compressive Strength (UCS) Test

From the collected samples, samples were categorized for testing on different days during
the curing process to observe strength development over time. The samples were collected
in the 2" x 6" molds. The UCS test was conducted using the geomechanics loading frame
assembled with load cell, linear variable differential transformer (LVDT) and the data
acquisition system (DAQSys). The UCS test was conducted on the 10, 17, and 28 days of
curing using the geomechanics loading frame. In the Figure 4-7, the left side picture shows
the collected backfilling sample made from SL aggregates and the right picture shows the
sample made with BR aggregates. From each batch, three samples were tested for each
testing phase and the average result is represented in the following section of result
analysis. As the batch one to batch six made with SL aggregates, the average UCS results

are shown in a specific figure 4-9. Then, batch seven to batch ten made with BR aggregates
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Figure 4-7: Backfilling sample in UCS testing

and the average UCS results are shown in the Figure 4-10. For having different accelerator
percentage in batch eleven to batch thirteen, the average UCS results are shown in the
Figure 4-11. According to the ASTM standard C39 - compressive strength of cylindrical
concrete specimens, the length, and diameter ratio of the samples were measured as 2.2.
The samples were cut by a saw cutter to maintain the length to diameter ratio specified by
standard and prepared for the UCS test. The average diameter of most samples was around

50.5 mm and the average length of most samples was around 115 mm.

The frictional forces between the ends of a compression specimen and the loading
plates influence the specimen's measured compressive strength and failure type. During
concrete compression testing, it is essential to reduce frictional forces. The presence of
friction affects the stress-strain curve development significantly. According to the annual
book of ASTM standards 2003, volume 4.02 “manual of aggregate and concrete testing”,
the fracture type may help to determine the reason for the compressive strength of a tested
cylinder being less than anticipated. Following ASTM C39, the most observed fracture
pattern is Type 2 and Type 3 in the UCS test. Only a few samples produced Type 1 fracture.

Type 4, 5 and 6 fractures have not been observed in any sample.
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4.4.3 Sieve Analysis

The tailings and aggregates are collected from the local mining operation area. For the SL
aggregate, the maximum size is passing 100% through the 12.5 mm sieve. Also, in the 11.2
mm and 9.5 mm sieve size, the weight percentage retained on the sieve is less than 1%.
From the BL aggregates the maximum aggregate size is passing 100% through the 11.2
mm sieve. In the 9.5 mm sieve size, the weight percentage retained on the sieve is less than
1%. Hence, the single set sieve analysis was conducted for this aggregate. Those samples
were dried in the oven for around 12 to 14 hours. Then they were put in the sample splitter
by following the proper sampling procedure according to the ASTM standard C702.
Among the two receptacles of the splitter, samples from the one receptacle was taken for
the sieve analysis. In the following Figure 4-8, the particle size distribution curve of

aggregates and tailing has been shown along.
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Figure 4-8: Particle size distribution curve of aggregates and tailings.
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4.5 Results and Discussion

4.5.1 UCS

The observed range of UCS on all the samples of batch one to batch six has shown in figure
4-9. After 10 days of curing, from all the tested samples the minimum UCS is 0.96 MPa
and the maximum UCS is 2 MPa. The average value is 1.32 MPa. For the samples of 17
days of curing, the minimum UCS is 1.03 MPa and the maximum UCS is 2.05 MPa. The
average value is 1.4 MPa. Moreover, for the samples of 28 days of curing, the minimum
UCS is 1 MPa and the maximum UCS is 2.21 MPa. The average value is 1.5 MPa. The
green line indicates the average values which is a progressive increase of strength over the

curing period.
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Figure 4-10: Range of UCS values for the samples from batch 7 to 10 on different
days of curing, green line representing the average values.

For batch seven to batch ten, the observed range of UCS on all the samples has
shown in figure 4-10. After the 10 days of curing, the minimum UCS is 0.53 MPa and the
maximum UCS is 0.87 MPa, then the average value is 0.64 MPa. For the samples of 17
days of curing, the minimum UCS is 0.65 MPa and the maximum UCS is 0.93 MPa, as

well as the average value is 0.75 MPa. Moreover, for the samples of 28 days of curing, the
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minimum UCS is 0.75 MPa and the maximum UCS is 1.05 MPa, as well as the average

value is 0.81 MPa.

From batch eleven to batch thirteen, the observed range of UCS value on all the
samples is shown in figure 4-11. After the 10 days of curing, the minimum UCS value is
0.62 MPa and the maximum UCS value is 0.73 MPa, then the average value is 0.69 MPa.
For the samples of 17 days of curing, the minimum UCS is 0.73 MPa and maximum UCS
is 0.87 MPa, as well as the average value, is 0.80 MPa. Moreover, for the samples of 28
days of curing, the minimum UCS is 0.80 MPa and maximum UCS is 0.92 MPa, as well

as the average value is 0.86 MPa.
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Figure 4-11: Range of UCS values for the samples from batch 11 to 13 on different
days of curing, green line representing the average values.

Quan et al (2021) did the experimental analysis of UCS of CPB samples made from
tailings and cement. The mixture recipe of solid content, cement water ratio was almost
same as the mixture recipe of CPB samples made from aggregates. Using the binder content
of 6% by weight, the samples were prepared in the two-inch molds and the length to
diameter ratio was 2.1. The average UCS after 14 days is around 1.20 MPa and 28 days of

curing is nearly 1.35 MPa.
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4.5.2 Gradation of Aggregates

A renowned relationship available between compressive strength and sizes of aggregate
materials in the concrete mixing technology. The proper selection of particle size
distribution leads to optimum design of concrete mixes and minimization of cement

requirements (Neville, 1987).

Well-graded aggregates have different particle sizes from coarser to finer in an
adequately distributed manner. On the other hand, in the poorly graded aggregates, the
particle sizes have an excess of specific particle sizes or deficiency of a certain range of
particle sizes. The gap-graded particle sizes also have missing of different ranges of
particles. It may have a few certain ranges of excessive particles compared to the wide
range of balanced particles like the well-graded. In the following Figure 4-12, a depiction

of the typical aggregate gradation drawing has been shown.

Thomas et al. (1979) reported that adequate fine particles in well-graded backfilling
materials tend to fill the void between larger particles which leads to a reduction in the
porosity and cement usage. On the other hand, the poorly graded aggregates have a high
void ratio and require excess cement to fill the voids. Moreover, if there are too many fine
particles, then those aggregates may consume more cement. An excess amount of fine will

reduce the strength.

Well Graded Poorly Graded Gap Graded

Figure 4-12: Conceptual drawing aggregate gradation (Courtesy of CCI)
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Situation with good grading control

Situation with no grading control - small particles occupy the voids
- Binder gel must fill all voids reducing the amount of binder gel
required

Figure 4-13: Model demonstrating the benefit of the good grading in particles distribution
and required binder content (Thomas et al, 1979)

According to Holtz and Kovacs (1981), the analytical approach for the aggregate
gradation was conducted by coefficient of curvature (C.) and uniformity coefficient (Cu)
using certain grain diameters D, which refers to equivalent percent passing on the particle
size distribution curve. For example: Deo is the sieve size through which 60% of soil will
pass through them, i.e.: 60% of the particle size is finer than this size. D3 is the sieve size
through which 30% of soil will pass through them, i.e.: 30% of the particle size is finer
than this size. Do is the sieve size through which 10% of soil will pass through them, i.e.:
10% of the particle size is finer than this size. The Uniformity Coefficient and The

Coefficient of Curvature is defined by following equation 4-1 and 4-2:

Deo
u— 4‘1
¢ Do [4-1]
D) 2
C.= (D) " [4-2]
D19 x Deo

The aggregates are considered to be well-graded with coefficient of curvature (Cc)

between 1 to 3 as long as the uniformity coefficient (Cu) is also greater than 4 for gravels
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and 6 for sands (Holtz and Kovacs, 1981). According to the gradation theory, the SL
aggregates is well-graded since it meet the criteria Cu > 6 and 1 < Cc < 3. But the BR
aggregates and tailings are considered poorly graded as they don’t meet either of the criteria
Cu>4and 1 <Cc <3. For the SL aggregate from the total weight, 5%, 4.5%, and 3% were
retained on 150, 75 microns, and Pan consecutively. For BR aggregate from total weight
4.75%, 1.4%, and 1% retained on 150, 75 microns, and Pan consecutively. There is a higher
percentage of large size particles in the BL aggregates compared to the finer size particles.
The SL aggregates have a well-balanced distribution of large and finer size particles
compared to the BR aggregates. On the other hand, the D values of the tailings compared
to the aggregates represent that the tailings had significant finer particles than both

aggregates.

Table 4-1: Data Analysis of Particle Size Distribution

SL Aggregates BR Aggregates Tailings
(micron) (micron) (micron)
Dio 198 286 88
D30 741 566 202
Deo 1817 1230 354
Cu 9.50 4.30 3.98
Ce 1.60 0.91 1.30

4.6 Conclusion

Appropriate particle size distribution facilitates achieving the optimized strength
characteristic of the cemented paste backfill (CPB) structure. Well-graded materials
minimize the porosity, increase the contact area between particles, and decrease the use of

cement that fills the voids, thus reducing the cost of cementing materials for producing the
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required UCS strength. Also, early comprehensive strength achievement occurs for CPB

mixture with a broader particle size distribution range.

Moreover, the optimum strength development of CPB depends on water-cement
ratio, moisture content, binder composition, particle gradation, curing conditions. In the
backfilling operation, the cement/binder cost constitutes the most. To minimize that, a
combined and correlated investigation approach requires for feasible backfill mixture
development. In this study, both the C. and C, values have been utilized to categorize the
particle characteristics. The findings from experimental analysis refer that the SL
aggregates meet the gradation criteria well and produce required strength, around 1 to 2
MPa along their different curing periods. On the other hand, the BR aggregates doesn’t
meet the gradation criteria and developed strength is less than 1 MPa over different curing
durations. Hence, being poorly graded and considering the safety criteria comparatively,

the developed average strength for BR aggregates and tailings is lower than SL aggregates.

Further study and experimental analysis can be conducted on the composite
material with mixes of tailings and aggregates maintaining a balanced mixture recipe.
Modification of tailings by removing or adding different range particles can be done to
make it well-graded material. The use of non-standardized aggregates and tailings together
can produce a composite mixer to achieve an optimized well-graded particle size
distribution. Following that, controlling moisture content and optimizing water/cement

ratio can be another approach to develop the required strength.
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Chapter 5: Experimental Evaluation of Acid Mine Drainage
Potential for Cemented Paste Backfill

This chapter discusses the technical paper titled "Experimental Evaluation of Acid Mine
Drainage of Cemented Paste Backfill (CPB)". The authors of this paper are Mohammad
Shafaet Jamil, Michael Marsh, and Professor Stephen Butt. This paper has been accepted
in the proceeding of Tailing and Mine Waste Conference 2023, which will be happening
on November 5-8, 2023 at Vancouver, BC, Canada. The author's dedicated contributions

are described below:

e Mohammad Shafaet Jamil: Conceptual analysis, literature review, experimental design,
experimental work, data analysis, and manuscript preparation.

e Michael Marsh: Co-ordination for procurement, technical support in experimental set-
up, manuscript review.

e Professor Stephen Butt: Research and experimental guidance, overall supervision,

manuscript review and approval of all stages throughout the whole work process.

5.1 Abstract

Environmental management of the sulfide-bearing tailings material safely is a significant
concern for the mining operation. Iron sulphides (mostly pyrite and pyrrhotite) are the most
common in sulfide-bearing mining waste materials. Surface disposal of these waste
materials will lead to oxidation in the presence of air and water, eventually generating acid
mine drainage (AMD). The utilization of tailings in cemented paste backfilling method

eliminates the necessity of storing most of the tailings on the surface, reducing the
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environmental footprint. In this study, static and kinetic testing were conducted on the
tailings and cemented past backfill mixture to evaluate the potentiality of acid mine
drainage.

From the performed static test on the tailings sample through the Acid-Base
Accounting (ABA) method, the results of the net neutralization potential and the ratio of
neutralization potential to acid potential show that the tailings material will be acid
generating. The X-Ray diffraction (XRD) test was conducted on the tailings sample for
composition analysis. Kinetic tests measure the dynamic performance or reactivity of
excavated and exposed materials over time. The column leach testing setup in the
laboratory is designed to observe the weekly wet-dry and leaching cycles of CPB mixtures.
The 6-inch diameter by 12-inch long cylindrical PVC columns are filled with CPB
materials. The mixture ingredients are mixed with tailings, Portland cement and water.
There test set-up designed with a components matrix, where six column contained CPB

mixtures, and two columns contained tailings only.

The columns are wetted by applying the deionized water from the top of the surface
and the leachate water is collected for measurement in a container located at the base. To
simulate the drying environment of natural weather, heat lamps on the top are used to
ensure sample drying between test solution applications. Typically, the test solution applied
weekly and the leachates were collected every week. For over forty weeks, the pH and
electrical conductivity have been measured and analysed weekly on the percolated water
for potential AMD evaluation. In the controls column, it is observed that the pH value
transitioned towards acidic within the first few weeks of measurements. During the initial

week of measurements on cemented columns, the compacted samples showed higher pH

&5



values than the uncompacted samples. Initially, the cemented columns in the first few
weeks showed pH values around 10 to 12. Then on later weeks, the pH values started to

stabilize gradually around 6 to 8.

5.2 Introduction

Cemented paste backfill (CPB) is an essential technique in the mining industry that
involves using a mixture of tailings, cement, and water to create a solid backfill material.
The significance of CPB lies in its capacity to provide support to underground mining
operations while simultaneously utilizing mine waste, such as tailings, as a valuable
resource. CPB plays a role in preserving the stability of underground openings, preventing
ground subsidence, and enhancing overall operational efficiency. While typical concrete
has water/cement ratios around 0.5, CPB applications involve higher ratios ranging from 5
to 10. The unconfined compressive strength values vary between 0.05 and 3.5 MPa, which
differ from conventional concrete strength levels of 25 to 35 MPa. The properties of tailings
are influenced by various factors, including the composition of the original rock, the
method used for mineral extraction, and the methods employed for transporting and placing
the tailings materials (James et al. 2003). The CPB is generally transported either by gravity

or through pumping to fill the desired underground stope (Yilmaz, 2010).

The use of CPB has gained popularity as an alternative method for managing mine
waste in Canada and other countries worldwide over the past two decades (Ercikdi et al.
2017). CPB not only has practical benefits but also contributes to environmental mitigation.
The inclusion of cement in CPB results in improved strength, decreased permeability, and

reduced acid mine drainage (AMD) formation by enhancing the capacity to neutralize acid
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(Ercikdi et al 2017). During mining activities, it is possible for minerals in the tailings and
binder to undergo oxidation or chemical reactions, resulting in the creation of soluble
contaminants. Pyrite is a common sulphide mineral found in mine waste which plays a
significant role in acid mine drainage (AMD). Initially, pyrite undergoes oxidation in the
presence of water and molecular oxygen, producing sulfate ions, ferrous ions, and

hydrogen ions (Lu et al. 2013).

These contaminants have the potential to affect the quality of water within the mine
during operations and can continue to pose a risk to groundwater and surface water quality
even after the mine is closed. Evaluation of potential environmental issues requires
characterization of the paste mixture in terms of the mixture's characteristics like
mineralogy, acid generating capacity, kinetic reactions and potential for leaching metals is
crucial (Benzaazoua et al. 2008). This assessment helps to predict the impact on water

quality and ensures proper management strategies are in place.

The use of CPB technology has the ability to decrease the chemical reactivity of
tailings and the movement of pollutants by combining and consolidating the tailings with
an alkaline substance like cement (MEND 2006, Kesimal et al. 2005). Although there have
been notable advancements in integrating sulphide-bearing tailings into CPB systems, the
environmental behaviour is still an unexplored area. While numerous studies have
examined the mechanical characteristics of CPB, there is limited research on how the
chemical reactivity affects the performance of CPB systems (Ouellet et al., 2003). In this
study, acid-base accounting test were conducted as a static method to evaluate the potential

acid generation and neutralization capacity of the tailings material. Column leach test were
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conducted on the cemented past backfill mixture containing variable cement percentage by

weight to evaluate the potentiality of acid mine drainage.
5.3 Materials and Methodology

5.3.1 Tailings Properties

Tailings are the waste materials after the valuable components have been extracted from
ore during the mining or mineral extraction process. They consist of finely ground rock
particles, minerals, and water. Tailings are typically deposited in tailings storage facilities
or ponds that designed to contain and manage the waste materials safely. Understanding
tailings properties is essential for effective tailings management and addressing

environmental considerations.

Tailings, composed of crushed rock, minerals, and water, have varying
compositions depending on the processed ore. Tailings typically have a wide range of
particle sizes, from fine silt and clay-sized particles to larger sand and gravel-sized

particles. As shown in Figure 5-1, particle size distribution was conducted for tailings
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Figure 5-1: Particle Size Distribution Curve of Tailings
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materials following the standard ASTM C136. Bulk density of the tailings (1.613 gm/cm?)
was measured by following the ASTM C29 on the oven dry tailings sample. Specific

Gravity (2.72) of the tailings samples was determined by following ASTM C128.
5.3.2 Cemented Paste Backfilling

Cemented paste backfill (CPB) offers significant advantages in terms of technology,
economics, and environmental impact compared to rock and hydraulic fill. It enables a
substantial amount of tailings to be returned underground, resulting in reduced space
requirements and lower rehabilitation costs. CPB is a customized mixture of unaltered
tailings, including fine particles. It typically contains 75 to 85% solids, a hydraulic binder
comprising 3-9% of the dry paste weight, and sufficient water content for easy
transportation. The addition of binder in paste tailings is an essential component to increase
the strength and stability. CPB acts as a barrier, preventing water seepage and reducing the
formation of acid mine drainage by restricting oxygen diffusion. Portland cement is widely
used as it sets and hardens through chemical reaction with water. When Portland cement
come into contact with water cement hydration occurs. Throughout the hydration process,
the primary components of Portland cement react with water, forming hydration products
that contribute to the setting and hardening of concrete. Portland cement (PC) is produced
by crushing and blending specific quantities of raw materials, such as limestone, clay, and
shale. Typically, modern PC mainly consists of clinker plus a small quantity of gypsum
(3—7% wt.) which is used to regulate the initial setting time. Clinker is a vital ingredient

which represents about 95% wt. of the PC. Typically, PC and its clinker mainly consist of
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four oxides: lime (CaO), silica (Si0O2), alumina (Al>O3) and iron oxide (Fe>O3) in addition

to the minor oxides (Klieger & Lamond, 1994).
5.3.3 AMD Prediction Approaches

To address the environmental concerns related to mining activities, the development of
acid mine drainage (AMD) prediction methods is crucial when excavating or exposing
significant bedrock. These methods aim to minimize uncertainty, identify potential risks,
and facilitate the selection of effective strategies for extraction and waste handling. By
providing insights into the behavior of mining materials and components, the prediction

methods also help to identify any potential adverse conditions.

When assessing the potential impacts of AMD and related processes, it is necessary
to address several important aspects. Determining the physical and geochemical conditions
that facilitate weathering and contaminant transport is necessary. The prediction methods
for AMD vary depending on the different phases of mine project development. Typically,
chemical, mineralogical, and physical analyses of waste components are performed as part

of the initial characterization process.
5.3.4 Static Prediction Methods

Static tests provides initial assessment of acid-generating components (e.g., sulphides) and
acid-consuming components (mainly carbonates) in waste materials. In the AMD studies,
a static test is used for analytical methods that evaluate the characteristics and quantities of
different components within a sample at a specific moment. There are numerous methods
for static test analyses available. One of the widely used static tests in AMD studies is the

acid base accounting (ABA) method.
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Static tests assume complete reactions of sulphides and carbonates without
considering kinetics or chemical equilibria. Moreover, static tests do not offer predictions
regarding drainage quality. However, they serve as a quick, cost-effective screening
method to determine the preliminary acceptability or unacceptability of water quality. To
assess or predict reaction rates and the geochemical evolution accurately, a combination of

kinetic tests and static tests is necessary.
5.3.5 Kinetic Prediction Methods

Kinetic tests evaluate the dynamic performance and reactivity of excavated and exposed
materials. These tests are usually conducted when static test analysis suggests the potential
for AMD generation or when the results are inconclusive. Prediction testing provides a
short-term assessment of a phenomenon that occurs over a longer period. Designing a
kinetic prediction test poses challenges as it involves either modeling actual field
conditions, which may result in a test duration that is too short, or creating accelerated

conditions that may not accurately represent real-world scenarios.

Kinetic prediction tests aim to simulate the long-term processes of acid production
and consumption, as well as predict the quality of drainage, in laboratory or field settings.
Designing a reliable prediction test for AMD is challenging due to the inability to replicate
exact field conditions within a feasible timeframe. Various tests of different types can be
employed for kinetic testing, each differing in complexity, duration, cost, and the type of
data they can provide. One popular kinetic test approach is the utilization of columns to

mimic the weathering of rock or tailings in flooded or percolation leach scenarios.
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5.4 Experimental Analysis

5.4.1 Elemental Analysis of Tailings

The objective of major element analyses is to identify and measure the total amounts of
common mineral forming compounds in a sample. X-ray diffraction (XRD) test was done
on the samples from collected tailings materials and the result is shown in the Figure 5-2.
XRD is a scientific technique used to analyse the crystallographic structure and
composition of materials. XRD involves directing a beam of X-rays onto a sample which
results in the scattering of X-rays by the crystal lattice of the material. By measuring the
angles and intensities of the diffracted X-rays, information about the atomic spacing and

arrangement within the sample can be obtained.
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Figure 5-2: XRD Results of Tailings Sample
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5.4.2 Acid Base Accounting Test

The evaluation of acid potential, neutralization potential, the comparative calculation of
net neutralization potential (NNP) and neutralization potential ratio (NPR) is collectively
referred as acid-base accounting (ABA). ABA encompasses various methods, but the most
straightforward approach involves using sulphide-S to calculate AP, while NP is
determined through a single procedure. They are expressed in comparable and consistent
unit kg CaCO3/per tonne of rock or tailings materials. The difference between the two
values is termed as the net neutralization potential or Net NP. The Table 1 describes the

guidelines of interpreting ABA results through the values of NNP and NPR.

Net Neutralization Potential (NNP) = NP — AP (5-1)
Neutralization Potential Ratio (NPR) = NP/AP (5-2)

Acid Potential Measurement

The acid potential (AP) is determined by analysing the total sulphur content and calculating
AP under the assumption that all sulphur is converted to sulphate, resulting in the
production of four moles of H+ per mole of oxidized pyrite. Each mole of sulphur generates
two moles of acid, which can be neutralized by 1 mole of calcium carbonate. Consequently,
the molar ratio of sulphur to calcium carbonate is 1:1. The acid potential (AP) of the
sample, expressed in tonnes of calcium carbonate equivalent per 1000 tonnes, can be

calculated by multiplying the percentage of sulphur by 31.25.

Neutralization Potential Measurements

All materials containing acid-generating minerals like pyrite have the potential to produce

acid, but the occurrence of AMD depends on the availability of neutralizing alkalinity. The
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measurement of neutralization ability is a crucial aspect of drainage chemistry, and the
determination of neutralization potential (NP) through static tests is a significant
component of acid-base accounting. To assess NP a recommended procedure is the Sobek
et al. (1978) method. In this process, a sample treats with an excess of standardized
hydrochloric acid and heated to ensure complete reaction. A fizz test is conducted to verify
that an adequate amount of acid has been added to react with all acid-consuming minerals
presence. The remaining unreacted acid is then titrated with standardized base to achieve
apH of 7, allowing for the calculation of the calcium carbonate equivalent of the consumed
acid. While the Sobek method is the standard procedure, there are several alternative
methods available for measuring laboratory NP, some of which are promoted as being more

accurate by minimizing discrepancies between laboratory and field results.

Table 5-1: Guidelines for Interpreting the Static Test Results (US EPA, 2003)

Guidelines from Robertson and Broughton (1992)
Criteria Acid Potential (AP) | Uncertain Behavior gg&tlle;fi(?\?p)
NNP <-20 >-20to <+20 >+ 20
tonnes/kilotonne tonnes/kilotonne tonnes/kilotonne

NPR <1 1to3 >3
Guideline from Price et al. (1997)
Sulfide-S Paste pH NPR Potential for AMD
Sulfide-S <0.3% >5.5 --- None
Sulfide-S >0.3% <5.5 <1 Likely

1-2 Possibly

2-4 Low

>4 None
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5.4.3 Column Leach Testing

Column leach tests enable the testing of mine wastes to simulate weathering conditions. A
column refers to a structure that contains a mass of materials and allows for the qualitative
analysis of water drainage through the sample. It consists of a basin with enclosed sides
and a bottom equipped with a drain. The water that seeps through the specimen is collected
and analysed to assess the potential for AMD. As shown in Figure 3, the column leach
testing setup is designed to achieve a weekly wet-dry cycle and leaching cycle. The 6 inch
x 12 inch cylindrical plastic mold are used as column. They are made of PVC materials.
The cylinders are filled with mixture of cemented paste backfill materials. The mixture
ingredients contain mostly tailings, cement and water. The CPB mixture were poured into
each cylindrical column up to the height of 6 inch leaving rest of the length for pouring
water solution. There are total eight columns from which six columns are filled with CPB
mixture and other two column are filled with only tailings without any binder. To simulate

the drying environment of natural weather, heat lamps were placed to ensure drying of the
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Figure 5-3: Experimental Set-up of Column Leach Test: a) Set-up in the Lab, b) Schematic Drawing
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samples between test solutions applications. Throughout the testing duration, the
maintained temperature is 21° Celsius. The bottom part of the columns perforated with
Imm size mesh to leach the water. Sample were wetted by applying the deionized water
from the top of the surface and leachate were collected in a container through the funnel at
the base. Glass wool filter material was placed inside each funnel to screen any solid
substances from the leachate water. Every week, around 1 litre of deionized water was
poured into the columns to percolate through the cemented tailings samples and the
leachates were collected weekly. The internal vibration concept was used as the
compaction method to refer the reduction of air content while measuring the AMD
potential in CPB mixtures. The test matrix of all the eight column is described in the Table

5-2.

The pH and electrical conductivity (EC) are measured through a portable
waterproof instrument ExStik II pH/Conductivity meter. The model of the instrument is
Extech EC500 and electrical conductivity is expressed in mS/cm. The EC500 meter
features a digital display that shows the pH or EC value, depending on the selected mode.
It utilizes a replaceable electrode to measure pH and a built-in conductivity cell for EC
measurements. To ensure greater accuracy in measuring EC500 instruments, Toledo EL20
pH meter was used for pH measurements and Thermo-scientific A322 portable meter was

used to measure conductivity. This enabled to obtain more comparable and precise results.

96



Table 5-2: Test Material Components of Column Leach Test

Compaction

Material Components of CPB according to Weight Percentage

Column 1
No 2% Cement
Vibration (NV) 78% Tailings
20% Water

Column 2
4% Cement
76% Tailings
20% Water

Column 3
6% Cement
7 4% Tailings
20% Water

Column 7 (Controls)
Only Wet Tailings
Material

4800 gm

Column 4
2% Cement
78% Tailings
20% Water

With
Vibration (WV)

Column 5
4% Cement
76% Tailings
20% Water

Column 6
6% Cement
7 4% Tailings
20% Water

Column 8 (Controls)
Only Wet Tailings
Material

4800 gm

5.5 Results and Discussion

5.5.1 Interpretation of ABA Results

The positive Acid Production Potential (AP) value of +98.6 kg CaCOzs/tonne indicates that
the tailings sample has the potential to generate acid when exposed to oxygen and water.
This means that there are acid-generating minerals or elements present in the tailings
material that could contribute to acid formation. However, the low Neutralization Potential
(NP) value of 12.4 kg CaCOzs/tonne suggests that the tailings contains limited amount of
acid consuming minerals or elements that can neutralize the acid producing capacity. This
is further confirmed by the negative Net Neutralization Potential value of -86.1 kg
CaCOg/tonne, indicating an overall deficit in acid neutralization. The Neutralization
Potential Ratio (NPR) of 0.1 reveals that the material has a very low ability to neutralize
the acid it generates. A ratio below 1 suggests a higher risk of acid generation and a limited

capacity for neutralization.
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Based on these results of Table 5-3, it can be interpreted that the material has a
significant potential for acid generation, but a very limited ability to neutralize the acid
(low NP and negative Net NP). The low NPR value indicates an imbalance in favour of
acid generation, implying a high risk of acid formation and associated environmental

concerns of acid mine drainage.

Table 5-3: Acid Base Accounting (ABA) Results of Tailings Sample

Acid Neutralizing
Paste pH glﬁgr SUIthe Sulfide Production Potential (NP) A NﬁPS 3 NPR
(as S) Potential (AP) at pH 8.3 tpHS.
% % % Kg CaCOs/tonne
5.9 3.25 0.096 3.15 98.6 12.4 -86.2 0.1

5.5.2 Column Leach Test Results
The percolated leachate water from the column is collected in separate containers each

week after applying a solution (deionized water). The results of the column leach test are

14 14
1 —— Controls NV b —0—2%C WV
10 Controls WV 10 —a—2%C NV

a) 1 5 9 13 17 21 25 29 33 37 41 b) 1 5 9 13 17 21 25 29 33 37 41

Weeks Weeks
14 14 0
5 — 1%C NV 5 —A— 6%C NV
10 3 4%C WV —— 6%C WV
10
T 6 26
2, 4
2 2
0 0

<) 1 5 9 13 17 21 25 29 33 37 41 d) 1 5 9 1317 2125 29 33 37 4
Weeks Weeks

Figure 5-4: Column Leach Test Results: a) Controls (Un-cemented Tailings), b) 2%
Cemented Tailings, c) 4% Cemented Tailings, d) 6% Cemented Tailings
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presented in the Figure 5-4 following the test matrix described in table 5-2. In the initial
weeks, the pH of the leachate water from both tailings-containing columns ranged from 6
to 8. For columns containing 2%, 4%, and 6% cement, the measured pH on the first week
was around 10 to 12. This higher pH indicates the presence of initial hydroxide alkalinity
and the subsequent formation of cement hydration products. After 40 weeks of
measurements, the pH of the leachate water dropped to less than 4 from the tailings
contained columns, indicating significant acid generation. In contrast, the leachate water
from all the cemented paste columns maintained a pH value around 6 to 8 even after 40

weeks of measurements which was around 10 to 12 during the initial weeks.

The influence of compaction on cemented tailings columns has not been
significantly observed until 40 weeks of measurement. Both compacted and un-compacted
columns yielded similar pH value ranges during several weeks of measurements.
Specifically, for the 2% cemented tailings columns, the un-compacted samples exhibited
pH values ranging from 3 to 5 in the first 10 weeks, while the compacted samples showed
values ranging from 6 to 8. The lower percentage of cement content in the cemented paste
backfilling mixture resulted in acid generation from those columns. However, from the
10th week until the 40th week of measurement, the pH values measured from the leachate

water of those 2% cemented columns remained around 6 to 8.

Electrical conductivity indicates water's capacity to conduct electricity, which is
determined by the presence of substances capable of carrying electrical currents. As the
concentration of conductive substances increases in water, its conductivity rises.

Contaminated water typically exhibits higher conductivity compared to uncontaminated
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water. This is attributed to the presence of dissolved metals, sulfates, and hydrogen ions,
all of which are capable of conducting electrical charge. Table 5-4 provides the range of
the EC data in leachates released from the column leach test. The initial electrical
conductivity (EC) values in the leachates were higher in the cemented columns, primarily
due to the presence of cement components. Throughout the 40 weeks of measurements, the
average EC value for these columns ranged between 2 to 3 mS/cm. However, throughout
the same duration, the average EC value increased in the un-cemented tailings samples
indicating their acid generating nature. The average EC values in the leachate water
samples from the un-cemented tailings columns were found to be between 4 to 5 mS/cm.
This higher EC value suggests the potential generation of acidity in the tailings-containing

columns.

Table 5-4: Electrical Conductivity (mS/cm) Measurements Data from Column Leach Test

Columns Weeks Max. Min. Avg. Stdv.

C-01 40 8.51 212 3.36 1.18
C-02 40 8.05 2.17  3.38 1.1

C-03 40 6.52 1.35 3.16 1.03
C-04 40 8.22 2.05 3.52 1.28
C-05 40 8.42 1.83 3.14 1.22

C-06 40 9.93 1.1 3.11 1.37
C-07 40 7.53 2778  4.67 1.05
C-08 40 6.64 3.02 485 0.89

100



5.6 Conclusion

Storing sulphide tailings underground can be advantageous, potentially providing intimate
mixing with alkaline binders and low oxygen conditions during operations. However, the
assessment of acid mine drainage (AMD) has emerged as a modern research area due to
the growing concern regarding potential groundwater pollution caused by underground
waste disposal. The results of the acid-base accounting test indicates that the tailing has the
high potentiality of acid generation. Then in the laboratory experiment of column leach
test, the leached water from the cemented tailings sample consistently exhibited trend of
neutral pH values over a period of forty weeks. Until this period of the study, the range of
the measured pH values are around 6 to 8 for the cemented tailings columns. In contrast,
the leachate water obtained from the tailings columns showed acidic pH values for the
same time duration of measurement. The leachate water from those columns showing the
pH values around 3 to 4 indicating acidic nature. This nature of acid generation from the
column leach test of un-cemented tailings confirms the results of acid-base accounting.
Addition of cement provides extra neutralization potential to the cemented columns which

leads to the higher pH values comparing to the un-cemented columns.

Hence, the utilization of cemented paste backfill (CPB) is widely acknowledged as
advantageous in mitigating the overall environmental consequences linked to mining
activities. CPB helps to minimize the amount of tailings that need to be disposed of on the
surface, thus reducing surface impacts by minimizing the required space. Moreover, CPB
reduces the presence of free water, leading to a decrease in leachate production.

Additionally, the inclusion of cement in CPB offers extra capacity for neutralization and
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decreases the effective porosity. When tailings are mixed with cement and water to create
a paste, it can effectively bind and immobilize sulfide minerals that are typically
responsible for acid mine drainage. This prevents the exposure of sulfides to oxygen and
water, which are the key triggers for acid generation. By encapsulating these materials,
cemented paste backfill significantly reduces the risk of acid mine drainage formation,

making it an effective approach for environmental protection in mining operations.

The challenge in validating laboratory predictions with field verifications lies in
the multitude of factors that can impact the results. These factors include changing
groundwater flow and quality, the effects of new backfill in neighbouring stopes and
ventilation patterns. To overcome these challenges in a real mine setting, it may be
necessary to proceed with more controlled conditions and long-term observation of trends

in mine water quality.
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Chapter 6: Conclusion and Recommendation

6.1 Conclusion

This thesis focuses on investigating the optimization of cemented tailings backfill. The
research covers several aspects including the study of strength characteristics,
measurement of elastic properties using ultrasonic methods, determination of yield stress,
and assessment of acid mine drainage potential. The results and observation from those

studies are described in the following.

The UCS testing in the Instron frame provides a good stress-strain curve for low-
strength backfill samples. The uniaxial compressive strength results show a range of
approximately 0.5 MPa for 4% cement samples and 1 MPa for 6% cement samples.
Ultrasonic wave velocity measurements show that both P-wave and S-wave velocities
range between 1.13 to 1.71 km/s and 0.63 to 0.93 km/s, respectively. The 6% cement
samples consistently exhibit higher velocities and elastic properties compared to the 4%
cement samples. While slump height is commonly used to assess consistency, it can be
unreliable due to variations in yield stress and density. Yield stress is a preferred indicator

of consistency, as high or low values can impact the material flow and strength.

An appropriate particle size distribution is crucial for optimizing the strength of
cemented paste backfill (CPB) and reducing cement costs. Well-graded materials decrease
porosity and increase particle contact, leading to cost savings by reducing the need for
excessive cement. A broader particle size distribution facilitates early strength

development in CPB. Factors like water/cement ratio, moisture content, binder
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composition, particle gradation, and curing conditions affect the CPB strength. A combined

investigation approach is necessary for feasible mixture development.

Acid-base accounting tests show high acid generating potential in the tailings, while
column leach tests reveal acidic pH values in un-cemented tailings leachate within first few
weeks. In the laboratory experiment of column leach test, the leached water from the
cemented tailings sample consistently exhibited trend of neutral pH values over a period
of forty weeks. Until to this date of the study, the range of the measured pH values are

around 6 to 8 for the cemented tailings columns.

6.2 Recommendation

e Mixing diverse range of coarser particles from crushed waste rock with finer tailings
materials can result in a well-graded particle size distribution. This practice improves
packing density, provides structural reinforcement and stability of the mixture.
Furthermore, a well-graded distribution reduces permeability and fluid movement
through the material.

e While measuring the ultrasonic properties in the porous soft cemented tailings samples,
effective acoustic coupling is crucial for obtaining high-quality data. It is recommended
to use an ample amount of couplant. Whenever feasible, applying pressure to the
specimen helps eliminate any trapped air between the platen and the specimen.

e [t is advisable to verify the velocities by using a reference system whenever feasible.
This will assist in accurately selecting S-waves as it has been noted that the system can

generate a convolved signal.
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To estimate the rheological behavior of paste, one of the common methods can be
implied using a rheometer to directly measure parameters like shear stress, shear rate,
and viscosity. Along with slump test aspects of self-consolidating behaviour, flow table
test can be also analyzed to understand flow behavior of cemented paste tailings. Other
emerging methods include L-pipe tests, inclined pipe tests, and loop pipe tests, can
implement in measuring consistent paste transportation analysis. These methods
provide quantitative data on the rheological behavior of the paste.

Proper sampling should be done for conducting acid mine drainage study. Other static
and kinetic methods can also be employed to have comparative results and analysis.
Good judgement of acid drainage potential should include combined studies of all
physical, chemical, mineralogical analysis.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is an efficient
analytical technique that can be used to determine the concentrations of various metal
elements in a sample. It is commonly employed for trace analysis of metal elements in
environmental samples for acid mine drainage prediction. ICP-OES is highly sensitive
and capable of detecting a wide range of metal elements at trace levels. It is an essential
tool for predicting acid mine drainage by analyzing the composition of the drainage
water, identifying potential environmental contaminants, and monitoring changes in

metal concentrations over time.
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