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Abstract

Among the various options for managing mining waste, cemented paste backfills (CPB) have become
important in mining operations worldwide due to their technical, economic, and environmental advantages.
CPBs are cementitious materials produced by mixing residues with a solid percentage ranging from 70 to
85%, fresh water or water from mineral processing, and a hydraulic binder, typically representing 3 to 7% of
the weight. Typically, these elements are blended and mixed on the surface before being moved (either by
gravity or by pumping) to underground mining voids, or cavities, where CPBs can be utilized for waste residue
management, maximizing mineral recovery, and supporting underground mines. The key properties of CPBs
include mechanical stability (usually assessed through strength), cost (dependent on binder consumption),
transportability (dependent on rheological properties), durability, and environmental performance (usually
measured by leachability, permeability, and reactivity). The most commonly used binder in CPB preparation
is Portland cement (PC). PC is not only an expensive binder, but its production also consumes a significant
amount of energy, thus generating a substantial amount of CO,. Cement consumption can account for up to
80% of the CPB cost. The aforementioned factors have compelled mining companies to seek alternatives to
cement that enhance CPB strength, reduce cement content, and decrease the carbon footprint of the mining
industry. Iron oxide (Fe,O3) and aluminum oxide (Al,Os) nanoparticles represent the latest additive suggested
to reduce the binder content of cemented backfills, increase their strength and improve their environmental
footprint. However, the rheological properties of CPBs containing Fe>O3; and Al,O3 nanoparticles are not well
understood. It is necessary to address this knowledge gap. Therefore, the primary objective of this research is
to study the evolution of rheological properties (yield stress, viscosity) of CPBs containing Fe,O3; and Al,O;3
nanoparticles. The investigation also involves measuring the materials' pH and Zeta potential,
microstructural studies (TG/DTG and XRD), and electrical conductivity (EC). The findings show that
adding Iron oxide (Fe;Os) and aluminum oxide (Al>Os3) nanoparticles to CPB significantly changes its
rheological properties, which in turn affects flowability. The yield stress and viscosity of CPB samples are
greatly increased by the incorporation of nanoparticles, with the degree of influence varying based on
variables including water content, curing duration, and type of binder. Because of the nanoparticles-induced
microstructural changes in the CPB material, the interaction of Iron oxide (Fe»Os) and aluminum oxide
(Al,0O5) nanoparticles and a larger fraction of nanoparticles, along with an increase in curing time, raises
rheological characteristics and decreases paste flowability. The results of EC, DTG, and XRD, which show
that binder hydration rises with nanoparticles dosage, corroborate this. Furthermore, as nanoparticles
increases, the zeta potential decreases in magnitude, which lowers flowability and repulsion force.
However, EC, XRD, and DTG experiments indicate that the addition of 0.125% superplasticizer is
identified as a compensator for the lower flowability caused by nanoparticles. These tests also suggest that
the superplasticizer causes a drop-in cement hydration rate at very high ages. Additionally, it has been found
that increasing the slag percentage from 0% to 50% and 75% of the binder content effectively increases
yield stress while only marginally decreasing viscosity. The results of this research could significantly benefit
the mining industry and enable a more environmentally friendly design of CPBs and improved residue
management practices.
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List of Symbols and Abbreviations

CH: Calcium hydroxide
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1  Chapter 1. Introduction

1.1. General Statement

The mining industry stands as a cornerstone of modern civilization, furnishing indispensable minerals and
metals essential for contemporary life. Across the globe, this sector plays a pivotal role in economic
advancement, employment generation, and overall societal development. In Canada, particularly, the
mining industry serves as the backbone of the national economy, contributing billions of dollars annually
and sustaining hundreds of thousands of jobs.

However, amidst the prosperity it brings, the mining sector grapples with significant environmental
challenges and safety hazards stemming from conventional waste management practices. The extraction
and processing of mineral resources yield substantial waste, including tailings and waste rock, while large-
scale underground mining operations can trigger geotechnical issues such as ground subsidence and
instability.

Traditional methods of waste disposal, like surface tailings ponds and dams, pose environmental risks such
as acid mine drainage and jeopardize neighboring communities' well-being. The failure of these techniques
can lead to disastrous consequences, both environmentally and financially.

In response to these challenges, modern mining practices are witnessing a paradigm shift towards more
sustainable and technologically advanced solutions, particularly in North America. One such innovation is
mine backfilling, which involves relocating extracted material underground to enhance ground conditions,
mitigate environmental impact, and ensure worker safety.

Among the various backfilling techniques, cemented paste backfilling (CPB) emerges as a promising
approach. CPB, comprising tailings, water, and binders, is mixed on the surface (often) and then transported
underground to fill stopes or voids. This not only provides essential support for underground operations but
also reduces surface-level waste exposure and lowers construction costs for surface tailings storage
facilities.

The widespread adoption of CPB is driven by its manifold benefits, including environmental sustainability,
enhanced safety, and economic efficiency. Engineering design factors such as cost, transportability, and
mechanical stability are meticulously considered to optimize CPB performance. Uniaxial compressive
strength (UCS) testing and rheological analysis are employed to assess structural integrity and flow
characteristics, respectively, ensuring operational efficacy and productivity. Key rheological properties of
CPB include yield stress and viscosity.

As mining endeavors continue to evolve, the utilization of innovative technologies like CPB represents a
crucial step towards achieving sustainable resource extraction practices. By prioritizing environmental
stewardship, worker safety, and economic viability, the mining industry can uphold its vital role in global
development while minimizing its ecological footprint.

1.1 Problem Statement

Portland cement (PC) is the most often used binder in CPB. The research states that up to 8% of global
carbon dioxide (CO,) emissions are currently attributed to the cement sector ([1]-[3]). Cement can make up
as much as 80% of the backfill materials, and CPB can represent as much as 20% of the overall mining
expenses ([4]- [5]). Accordingly, 1.6 to 2% of the total mining costs might be decreased with a 1% decrease
in cement content [6]. The aforementioned factors have compelled mining companies to seek alternatives
to cement that enhance CPB strength, reduce cement content, and decrease the carbon footprint of the
mining industry. Thus, in recent decades, the use of binder composed of Portland cement and supplementary
cementitious material, such as blast furnace slag (slag), also known as binary cement, has been increasingly



adopted in CPB technology and practice [7-14]. However, supplementary cementitious materials, such as
slag, have some shortcomings. Although the addition of slag to Portland cement can lead to an increase of
the strength of CPB at advanced ages and decrease the carbon footprint of CPB, it slows down the hydration
of the cement at early ages, and thus decreases the mechanical strength and suction development in the CPB
at early ages, which is negative for the mechanical stability of the CPB, the mining cycle and the safety of
mine workers. Therefore, iron oxide (Fe,Os3) and aluminum oxide (Al,Os3) nanoparticles (nP) represent the
latest additive suggested to reduce the binder content of cemented backfills, increase their strength and
strength increase rate, and improve their environmental footprint as well as to address the shortcomings
associated with the use of Slag. However, the rheological properties of CPBs containing Fe,O3; and Al,O3
nanoparticles are not well understood. It is necessary to address this knowledge gap. Moreover, how much
the addition of superplasticizer to CPB systems with nanoparticles can improve their rheological properties
is not well known.

1.2 Research Objectives

The primary objective of this research is to study the evolution of rheological properties (yield stress,
viscosity) of CPBs containing Fe,O3; and Al,O3 nanoparticles.

The specific objectives of this research are:

- Influence of Nano-Iron Oxide (nFeO) and Nano-Aluminum Oxide (nAlO) on the rheological
properties of CPB made of Portland cement.

- Influence of Nano-Iron Oxide (nFeO) and Nano-Aluminum Oxide (nAlO) on the rheological
properties of CPB that contains Slag.

- Influence of Nano-Iron Oxide (nFeO) and Nano-Aluminum Oxide (nAlO) on binder hydration in
CPB.

- Impact of superplasticizer on the rheological properties of CPB with nFeO or nAlO.

- electric conductivity in CPB samples with different dosages of cement slag and, nP and
superplasticizer.

1.3 Research Approach and Methodology
The research approach and methodology adopted in this research are displayed in Figure 1.1. The first
section provides a detailed introduction to the theoretical and technical foundation of CPB.

Additionally, a program of experiments to investigate the impact of nP and superplasticizer on the
characteristics of CPB in its fresh states is presented. To investigate the influence of the nP and
superplasticizer on fresh properties, the program is further split into two sections. Tests are done in the
initial phase to gain a better understanding of the yield stress and viscosity of CPB, with a focus on its
rheological behavior. Binary binders with a PCI/Slag ratio of 50/50 and 75/25 are used to prepare the two
groups of control CPB samples. Furthermore, CPB samples with a (PCI-Slag) are cast by partially
substituting nP (0, 1, and 3 weight percent of the total binder) for slag in increasing amounts. Additionally,
we added 0.125 percent of the binder as superplasticizer. The yield stress and viscosity of the freshly
prepared samples are further examined at room temperature for curing durations of 0, 0.33, 1, 2, and 4
hours, respectively. In order to comprehend the rheological behavior of the previously described samples,
electrical conductivity (EC) monitoring experiments, XRD and TG/DTG analyses are carried out. Chapters
3 and 4 include the experimental program's specifics. Ultimately, a discussion of all the study's findings is
held, conclusions are reached, and suggestions for further research are made in order to advance the existing
work.
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Figure 1.1 Experimental program and research methodology

1.4  Thesis Organization

The thesis manuscript is organized as follows:

Chapter 1 gives a succinct overview of the research and contains the general statement. It explains the
problem statement, the goals of the investigation, and the research techniques used.

Chapter 2 includes review of background information on mining, mine backfill, CPB technology and CPB
rheology. The significance of researching the fresh properties of CPB is emphasized in this chapter. In
addition, a review is carried out to examine the binders that are frequently used to prepare CPB, the impact
of nanoparticles on cement hydration and the properties of cementitious materials.

Chapter 3 includes the Technical Paper 1. The primary focus of this paper is to examine how the affects
the rheological characteristics of CPB while it is fresh. Section 3.3 discusses the impact of using a binary
cement blend (PCI-Slag-nFeO-SP) on the rheological properties.

Chapter 4 presents the Technical Paper II. The primary focus of this paper is to examine how the affects
the rheological characteristics of CPB while it is fresh. Section 4.3 discusses the impact of using a binary
cement blend (PCI-Slag-nAlO-SP) on the rheological properties.

Chapter 5. gives an overview of the findings from this investigation and sheds light on how the usage of
nP affects the properties of CPB while it's fresh; and environmental performance are then covered. This
chapter also presents the key conclusions of this research and recommendations for future studies.



Introduction
1

Theoretical and Technical Background

|

Rheology of CPB with Iron and Aluminum Oxides Nanoparticles

Technical paper 1 Technical paper 2
Rheological properties of Rheological properties of
cemented paste backfill cemented paste backfill
with iron oxide with aluminum oxide

nanoparticles nanoparticles
|
Synthesis of the Results and Discussions
1 1

Summary, Conclusions & Recommendations

Figure 1.2 Flowchart for organizing a thesis



1.5 References

[1]. Filippo, J. D., Karpman, J., & DeShazo, J. R. (2019). The impacts of policies to reduce CO2 emissions
within the concrete supply chain. Cement and Concrete Composites, 101, 67-82.
https://doi.org/10.1016/j.cemconcomp.2018.08.003

[2]. Gartner, E., & Hirao, H. (2015). A review of alternative approaches to the reduction of CO2 emissions
associated with the manufacture of the binder phase in concrete. Cement and Concrete Research, 78, 126—
142. https://doi.org/10.1016/j.cemconres.2015.04.012

[3]. Kajaste, R., & Hurme, M. (2016). Cement industry greenhouse gas emissions — management options
and abatement cost. Journal of Cleaner Production112, 4041—4052. https://doi.org/ 10.1016/j. jclepro. 20
15.07.055

[4]. Benzaazoua, M., et al. (2010). "Advances in Paste Backfill Technology for Underground Mining."
Canadian Geotechnical Journal, 47(9), 931-949.

[5]. Grice, A. (1998). Underground Mining With Backfill. Proceedings of the 2nd Annual Summit-Mine
Tail- ings Disposal Systems, 216, 234-239, 7.

[6]. Sadrossadat, E., Basarir, H., Luo, G., Karrech, A., Durham, R., Fourie, A., & Elchalakani, M. (2020).
Multi- objective mixture design of cemented paste backfill using particle swarm optimisation algorithm.
Minerals Engineering, 153, 106385. https://doi.org/10.1016/j.mineng.2020.106385

[7]. Vance, K., Aguayo, M., Oey, T., Sant, G., & Neithalath, N. (2013a). Hydration and strength
development in ternary portland cement blends containing limestone and fly ash or metakaolin. Cement
and Con- crete Composites, 39, 93—103. https://doi.org/10.1016/j.cemconcomp.2013.03.028

[8]. Zheng, J., Zhu, Y., & Zhao, Z. (2016). Utilization of limestone powder and water-reducing admixture
in cemented paste backfill of coarse copper mine tailings. Construction and Building Materials, 124, 31—
36. https://doi.org/10.1016/j.conbuildmat.2016.07.055

[9]. Courard, L., & Michel, F. (2014). Limestone fillers cement based composites: Effects of blast furnace
slags on fresh and hardened properties. Construction and Building Materials, 51, 439-445.
https://doi.org/10.1016/j.conbuildmat.2013.10.076

[10]. Carrasco, M. F., Menéndez, G., Bonavetti, V., & Irassar, E. F. (2005). Strength optimization of “tailor-
made cement” with limestone filler and blast furnace slag. Cement and Concrete Research, 35(7), 1324—
1331. https://doi.org/10.1016/j.cemconres.2004.09.023

[11]. Li, W., & Fall, M. (2018). Strength and self-desiccation of slag-cemented paste backfill at early ages:
Link to initial sulphate concentration. Cement and Concrete Composites, 89. https://doi.org/ 10.10
16/j.cemconcomp.2017.09.019

[12]. Li, W., & Fall, M. (2016). Sulphate effect on the early age strength and self-desiccation of cemented
paste backfill. Construction and Building Materials, 106, 296—304. https://doi.org/10.1016/j. conbuildmat.
2015.12.124

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



[14]. Solismaa, S., Torppa, A., Kuva, J., Heikkil4, P., Hyvonen, S., Juntunen, P., Benzaazoua, M., &
Kauppila, T. (2021). Substitution of Cement with Granulated Blast Furnace Slag in Cemented Paste
Backfill: Evalua- tion of Technical and Chemical Properties. Minerals, 11(10), 1068. https://doi.org/ 10. 33
90/min11101068

[15]. Haruna, S., & Fall, M. (2020). "Utilization of Cemented Paste Backfill for Underground Mining
Applications: State-of-the-Art Review." Minerals, 10(6), 512.

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

[17]. Xiao, B., Wen, Z., Wu, F., Li, L., Yang, Z., & Gao, Q. (2019). A simple L-shape pipe flow test for
practical rheological properties of backfill slurry: A case study. Powder Technology, 356, 1008—-1015.
https://doi.org/10.1016/j.powtec.2019.09.012



2 Chapter 2 Technical Background and Literature Review

2.1 Introduction

Focusing on CPB, this chapter covers the basics of mining (section 2.2) and an introduction to mine backfill
technology (section 2.3). Section 3 provides background information on the flowability and rheology of
CPB. In addition, section 2.5 explains the hydration processes of the main binders commonly used in CPB,
as well as the impact of nanoparticles on cement hydration and cementitious material properties. Section
2.7 describes the main experimental tests and analytical techniques used in the present research. The
background information and literature review provided in this chapter will facilitate understanding of the
experimental programs carried out as part of this research and the results obtained.

2.2  Mining

Major economic activity and a multibillion-dollar industry, mining is found in many nations, including
Australia, Canada, China, India, and South Africa. To reach, remove, and handle important mineral ores
from the Earth's crust, the mining industry employs a variety of techniques [1]. While underground mining
is used to extract deep mineral resources, open-pit mining is utilized to collect shallow minerals. Mining is
currently expanding into deeper levels, which can be as deep as 4350 m (Mponeng Gold Mine, South
Africa), due to the paucity of surface minerals and technological developments in the search for lucrative
minerals [2]. Globally, mining products are extracted in the millions of metric tons. However, large volumes
of mining waste, such as tailings, and large subterranean voids are produced when ore is removed from the
ground [3]. The waste-to-product ratio in metal mining is typically 100:1, although it can occasionally reach
1,000,000:1 ([4]; [5]). Traditional tailings disposal techniques, such as piling, stacking in tailings dams, and
surface impoundment, may have detrimental effects on the environment and geotechnical hazards, such as
groundwater contamination and AMD in certain situations ([6]; [7]). These geotechnical hazards include
tailings dam failure and large voids that may collapse [8].

2.3  Mine backfilling and main types of mine backfills

Backfilling is the process of filling subterranean cavities with waste material for engineering or disposal
purposes. It is a widely utilized technique in Canadian metal mines [10]. The most effective method for
getting rid of mining waste, establishing a secure workplace, and assisting with underground activities is
backfilling [9]. Backfill assistance has been employed in some capacity by about 69% of all underground
mining operations in Ontario, or 65% of all operations in Canada [12]. Three primary backfill kinds are
typically utilized, as described in ([13]; [9]). These are rock, hydraulic, and cemented paste backfills. Their
qualities, along with economic considerations and future mine-related objectives, determine the type of
backfill that is used [15].

2.3.1 Hydraulic backfill

Tailings, river or crushed sand, rock fragments, etc. combined with water and a binder is known as hydraulic
backfill ([15]; [9]). It is processed on the mine's surface or below ground, and water is used as the
transportation medium to move it via the hydraulic head produced by gravity or pipeline distribution
systems. Hydraulic backfill, also known as slurry backfill, can be either cemented or non-cemented and has
a high permeability of between 10 and 10° m/s and a low density of between 40-50% and 60-70% of
solids by weight [17].

The following are some benefits of hydraulic backfill:

1. Easy to set up and use,
ii. More easily managed backfill material, and
iii. Less expensive transportation by gravity.

But with hydraulic backfilling, drainage either mechanical or gravity is necessary to eliminate extra water



from the backfill material. Thus, one of the most economical mining techniques is hydraulic backfilling
with non-cemented minerals when small waste particles are available [16]. Additionally, hydraulic backfill
is more likely to liquefy, which poses a serious risk to worker safety in underground mines. Disadvantages
of this backfilling technique include cement washing, cement segregation from the solid phase and a
substantial amount of excess water ([105]; [21]).

2.3.2 Rock backfill

Waste rocks, stone, gravel, and tailings are among the materials found in rock backfill; these materials can
be utilized either in their cemented or uncemented condition [22]. Usually, 4% to 8% cement is applied
when using cemented backfill. Before being placed, waste rock can be combined with cement paste via
pipelines. Typically, the particle size distribution (PSD) pattern is followed when crushing, screening, and
mechanical mixing are used to produce the raw material. This approach is practical and economical,
offering advantages including turning large amounts of waste into useable land by moving them
underground, lessening pollution to the environment, boosting site stability, and lowering the risk of land
subsidence by adding more support. On the other hand, rock backfilling has the following drawbacks ([22];

[26]):

1. It uses costly equipment and requires a lot of labor.
i. Challenging to maintain effective quality control and segregation management.
iii. Plant structure is complex and efficiency is low.

2.3.3 Cemented paste backfill (CPB)

Cement paste backfilling was initially employed in 1957 at the Bad Grund Mine in Germany [28]. The
method reduced solid waste on the mine surface by using up to 60% of the mined material below as the
main support element. Next, at its Lucky Friday Mine in the United States, the Hecla Mining Company
used cement paste backfilling. CPB was effectively employed in Australian and Canadian mines in the
1990s to replace rock and hydraulic fills ([6]; [11]; [29]-[34]). CPB as a new cementitious material
composed of tailings (70—85% wt.%), water (fresh or processed), and a minimal dosage of hydraulic binder
(2-8 wt.%) ([29]-[34)).

Because of the non-Newtonian fluid behavior of this mixture and the reduced water needed for preparation,
strength growth can occur more quickly [17]. The CPB mix is typically made in the backfill plant on the
mine's surface and then piped to the subterranean stopes (Figure 2.1). In order to prevent water and tailings
particle segregation and settlement during transportation, the mixture should consist of 70-85% solids by
total mass. The backfill must contain at least 15% of particles smaller than 20 pm ([35]; [21], [18]). In
underground mines ([36]; [31]; [19]), CPB is cured and as it reaches the stopes, ultimately providing support
to the neighboring stopes [20].
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Because of CPB's advantages in terms of technology, economy, and environment, both industry and
academia are becoming more interested in it. Among the benefits are:

1. CPB reduces the dangers of tailings pond failure and contamination of surface and subsurface
water [5].
ii. CPB maximizes mine tailings density while minimizing the environmental impact of surface

tailings ponds.
iii. CPB reduces the mining cycle, which increases the rate of ore recovery ([29]; [30]; [37]).

iv. It increases the safety, efficiency, and productivity of mining by increasing the stability (local
and regional) of subterranean voids ([6]; [11]; [39]-[41]).
v. It enables the co-disposal of wastes and industrial byproducts that pose a chemical challenge,

hence minimizing adverse effects on the environment ([8]; [29]; [30]).
vi. Not like hydraulic filling, which requires water drainage [42].

2.4  Flow ability and rheology of CPB

As previously indicated, CPB mixtures are carried underground by pumping, gravity, or a combination of
the two after being prepared in a paste backfill plant, which is normally found on the mine's surface ([43];
[45]). The quantity of energy needed to convey the combination determines which delivery technique is
used. Furthermore, as technology develops, the mining sector is growing to new heights. As a result, the
effective and practical transportation of CPB is difficult and financially significant for the CPB plant's entire
operation [43]. Because of this, one of the main concerns when transporting CPB to the mine stope is its
flowability. It is essential because insufficient flowability can lead to pipeline blockages, which can delay
transportation and result in losses of money ([46]; [47]). The fresh CPB mix's flowability, which depends
on its rheological properties, determine how well CPB is transported. The study of how materials flow and
deform in response to stresses or outside pressures is known as rheology [49]. The primary rheological
factors that govern the flowability, pumpability, and pourability of backfill are the yield stress and viscosity
of fresh paste backfills ([44]; [39]; [45]; [46]).



Because CPB mixes behave in a non-Newtonian manner, the rheological characteristics of CPB are
examined using the Bingham plastic flow model. Particle characteristics, including size and distribution
(also known as particle-size distribution, or PSD), surface area, diameter, particle distance, packing fraction,
and solid volume fraction, all have a significant impact on the rheology of concentrated suspensions,
including cemented paste backfill ([9]; [10]; [50]; [51]). Interparticle interactions have also been found to
dominate the rheology of the paste in a number of studies.

2.5 Binder System Hydration Mechanisms

Among the various binders used in CPB, Portland cement (PC) stands out as the most widely utilized due
to its accessibility and adaptability ([14]; [41]). As a binder, PC not only imparts compressive and tensile
strength, but also enhances stiffness and cohesion in CPB. Furthermore, it is instrumental in shaping the
microstructure of CPB, affecting consolidation, settlement, porosity, and hydraulic permeability ([70];

[71D.

However, PC is not only an expensive binder but also requires significant energy for its production, leading
to substantial CO, emissions. Cement consumption can account for up to 80% of the cost of CPB. These
factors have driven mining companies to seek alternatives that reduce cement content and decrease the
carbon footprint of the mining industry. One such alternative is the use of ground blast furnace slag (Slag)
as a partial substitute for PC in CPB technology. Slag is cost-effective and can improve the microstructure
and strength of CPB systems at later ages. It is one of the most commonly added supplementary materials
in CPB as a partial replacement for cement. This substitution not only reduces cement costs but also
decreases the overall energy required for cement production, thereby lowering the mining industry's carbon
footprint. Slag has a significantly lower embodied carbon content compared to PC—67 kg/tonne versus
913 kg/tonne, according to a 2014 technical datasheet [ 107]. Additionally, by enhancing the microstructure
and strengthening the CPB mix at older ages, slag improves the overall long-term performance of the mix.

However, since slag is a latent hydraulic product, it can negatively affect the early strength of the CPB. Early
strength gain is crucial for the mechanical stability of underground mine cavities and the timely opening of
barricades, which is essential for shortening operating cycles and increasing mine productivity. To address
these limitations, the addition of nanoparticles to the CPB binder system is being explored. Nanoparticles such
as iron oxide (Fe203) and aluminum oxide (Al203) are currently being considered in CPB research to
counterbalance the limitations of slag and increase the early strength of CPB.

In the following sections, the hydration mechanisms of Portland cement (PC) and PC/Slag systems will be
described and analyzed. Following this, the impact of nanoparticles on binder hydration will be examined.
These discussions aim to enhance the understanding of the results presented in this thesis.

2.5.1 PCI hydration mechanism

Ordinary Portland Cement (OPC) is produced by grinding clinkers, which are typically composed of
calcium carbonate (CaCQOs3), some gypsum (CSH2, 2-8%), and calcium sulphate, and heating them to a
temperature above 1450°C. The five chemical components that makeup OPC are silicon dioxide (SiO»),
calcium oxide (CaO), iron oxide (Fe,O3), aluminum oxide (Al>O3), and sulfur trioxide (SO3). The OPC
hydration process consists of four phases, involving a heterogeneous mixture, as described in detail below
[72]. Tricalcium silicate (CsS, also known as alite) is the main mineral component. It forms calcium silicate
hydrate (C-S-H) and portlandite (CH), which greatly increase the cement paste's overall strength.

C3S + 6H,0 — C3S,.3H,0 + 3Ca(0H),
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Equation 2.1

Di-calcium silicate, also known as belite or acetylene sulfide (C.S), is the secondary mineral component. It
yields the same hydration products as CsS but with less CH. Furthermore, C,S contributes more to strength
development later in life but less to early-age development because of its lower solubility and slower rate
of hydration compared to CsS.

C,S + 4H,0 - (35,.3H,0 + 3Ca(0OH),
Equation 2.2

Lastly, the final two mineral components of the heterogencous mixture are represented by tricalcium
aluminate (Ca3;AlL0Os), also known as C3A, and calcium aluminoferrite (CasAlFe;O1), also known as
C4AF. Cement typically contains a smaller percentage of Cs;A than silicates (CsS). In contrast to the
silicates, C3A reacts more quickly and dissolves more readily. Aluminates react with cement as soon as
water is added, causing flash setting and potentially affecting cementitious mixes' workability [73]. CSH2
is added to the cement in order to avoid these problems. CSH2 dissolves instantly, interacts with the
hydration products to form ettringite, and releases calcium and sulphate ions into a solution in the pores.

Additionally, ettringite reacts with C3A to generate monosulphoaluminates since CSH2 is insufficient to
react with all of the C;A present. Tetra-calcium alumino-ferrite (C4AF) regulates the pace of heat changes
during hydration, while C;A starts the chemical processes in cement (which contains silicate) ([73]; [42]).

4C4,AF 4+ 2Ca(0OH), + 10H,0 - C3A.6H,0 + 3C3F.60H,
Equation 2.3

When exposed to water, PC, the reactive phase of CPB, experiences a hydration reaction. Moreover, the
main products generated during hydration are (a) C-S-H (3CaO¢ 25i0,°3H,0), which accounts for 60-70%
of the hydration products, (b) CH, or calcium hydroxide (Ca (OH)2), which accounts for 20-25% of the
hydration products, and (c) CSH2, ettringite, and calcium aluminate, which account for 15-20% of the
hydration products [41]. The remaining solid products are tricalcium aluminate monosulphate hydrate
(C3A+CaS0O4+12H20) or monosulphate (AFm phase) and tricalcium aluminate trisulphate hydrate
(C3A+3CaS04-32H20) or ettringite (AFt phase) ([72]; [74])).

Five steps make up the cement hydration process: the initial mixing reaction, which takes 15 to 30 minutes;
the induction or dormant period, which lasts for 1 to 3 hours; the acceleration period, which occurs 3 to 17
hours after mixing cement and water; the deceleration period, which lasts for 18 to 48 hours; that is, until
the mixture contains both unhydrated cement grains and water; and densification, which occurs 48 hours to
years ([42]; [73]; [75]; [76], [77]; [105]). For further information, the stages are as follows.

(1) First mixing reaction: The early hydration reactions involve the dissolution of PC grains,
wherein highly reactive aluminates and CSH2 dissolve quickly. This leads to the release of ions
into the pore fluid, along with Ca2+, silicates, aluminate Al3+, hydroxide OH-, sulphate SO4 2-
, and alkali ions like K* and Na™* ([78]; [42]);

(i1) The induction, also known as the inactive period, is characterized by the formation of a semi-
permeable protective membrane (a gel of Al, Si, Ca, and S) around the cement particles and the
hydrating cement grains, which inhibits additional hydration. Water enters the cement particle
when the membrane around it bursts due to the calcium silicates' interaction (C3S and C,S). The
material is mainly in a colloidal form and is known as the gel phase, even though initial
crystallization begins ([42]; [72]).

(iii) Acceleration period: During this time, the C3;S and C,S react, forming C-S-H gel and a
supersaturated Ca and OH solution in the pore solution. During this time, C-S-H rapidly grows
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and makes for up to 60% of the cement hydration products' total volume. The formation of CH,
calcium sulphoaluminate, or ettringite (AFt) accelerates. At the conclusion of the acceleration
process, C-S-H covers bigger grains, while PC grains (<3-5 mm) are entirely dissolved ([42];
[72]).

(iv) The last stage of cement hydration, known as the "deceleration period," is when AFm is formed
from the reaction of AFt and C3;A. Hydration products like C-S-H and CH continue to form
throughout this time, albeit more slowly. In the hydrated PC pastes, C-S-H makes up 60% of all
the hydration products, with CH and Aft making up the remaining 20%. The more stable
monosulphate is produced from the less stable AFt. After reaching its peak, the heat of hydration
starts to decline ([42], [72]).

) Densification is the gradual dissolution of the belites and alites into a solid mass of CH and C-
S-H. Diffusion is used to fully control the reaction's rate. High strength, extremely low porosity,
and low hydraulic conductivity may take several years to develop at this point [42].

2.5.2 Slag/PCI system hydration mechanisms

. Slag typically hydrates more slowly than cement (PC), but when water is present, it can react with lime to
create cementitious materials that are insoluble. To expedite the hydration process, an alkali activator may
be necessary in certain circumstances [38].

Slag contains pozzolanic qualities and is a byproduct of the iron industry. Pozzolans are amorphous
materials composed of siliceous or aluminosilicate minerals. In a blast furnace that produces iron,
pyrometallurgical operations yield slag. It forms concurrently with iron in the molten state, and water
quickly cools it down. Melting slag is reduced to glassy granular particles by the quick cooling, which also
prevents crystallization ([79]; [80]). Since this affects the hydraulic reactivity of slag, further grinding to a
particular slag fineness (cement fineness or finer) is done after this [81]. Because of its glassy nature, slag's
response depends on the hydroxyl ions created when cement hydrates to break down its glassy structure.
Cement undergoes hydration, which releases hydration products and CH, which releases hydroxyl (OH")
and alkali (Ca®") ions. This causes the slag's glassy structure to melt, raises the pH of the pore solutions,
and causes the slag in cement-slag systems to hydrate [14].

Moreover, extra secondary C-S-H gel is formed when activated slag combines with alkali hydroxide Ca
(OH),, which is liberated by the cement hydration reaction [106]. These C-S-H have a lower Ca/Si ratio
than those synthesized using PC, but otherwise they are comparable [82]. The capillary pore space left by
the primary cement hydration products is filled with further produced secondary C-S-H gel [82].

The glass content [84] and the physical and chemical characteristics of the slag [85] of the slag are related
to the rate of hydration. Slag's reactivity, which is influenced by the grade utilized, determines how much
strength it develops. As per ASTM C989 (2014) and ACI 233R-03, slag is classified into three strength
classifications, which are primarily determined by the slag quality, fineness, and possible additions of
calcium sulfate. Slag is divided into three basic grades, 80, 100, and 120, based on the activity index.

SP/P * 100 is the activity index. Additionally, at all ages, the strength of Grade 80 slag is less than that of
the reference cement.

In Grade 100, the strength improvement is less in the early ages of 1 to 21 days, but it increases to an equal
or greater degree at the later ages. Strength in grade 120 slag decreases until the third day, but then increases
starting on the seventh day (ACI 233, 2003, [55]).

Slag partial replacement of cement in CPB formulations shows promise [86]. Additionally, a 5-weight
percent addition of slag results in a decrease in the pores' threshold diameter from 2 microns to 1 micron
[27]. Previous studies have demonstrated that a potential binder for CPB can be produced by partially
replacing cement with slag ([29]; [30]) [69]-[71]; [109]).
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2.5.3 Influence of nanoparticles on cement hydration and CPB properties

The addition of nanoparticles, such as Fe,O3, Al,Os, to cement mixtures has been shown to have a profound
impact on the hydration kinetics and the physical properties of cement-based materials. Nanoparticles are
characterized by dimensions of 1 to 100 nanometers in at least two out of three dimensions. Their minute
size allows them to participate rapidly in chemical reactions due to their high specific surface area (SSA),
which provides a larger interface for chemical interactions. In the context of cementitious materials,
nanoparticles (NPs) can alter various properties in multiple ways. If NPs are uniformly dispersed during
the cement hydration reaction, they can act as nucleation sites to speed up the hydration process.
Furthermore, NPs can fill the voids between cement particles, resulting in a more refined pore structure and
a denser matrix in the hardened cement material, which helps immobilize pore water pressure. Another
significant effect of NPs on cement-related materials is the reduction in initial setting time, primarily due
to the acceleration of the hydration process in its early stages [96-99].

Research by [110] highlights that Fe,O3; nanoparticles act as catalysts, accelerating the hydration reactions
of Portland cement, which can significantly enhance early strength development. This acceleration is
attributed to the high surface energy of Fe203 nanoparticles, which promotes more efficient water
consumption and faster formation of calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-
A-H) phases. Additionally, studies by [111] demonstrate that these nanoparticles help in refining the
microstructure of the hydrated cement matrix, leading to decreased porosity and increased density. This
improvement in microstructural integrity enhances the mechanical properties and durability of the concrete,
making it more resistant to environmental degradation. Such modifications are crucial for extending the
lifespan of concrete structures, particularly in harsh environmental conditions.

The incorporation of Al,O3; nanoparticles into cement matrices has been shown to significantly influence
the hydration process, enhancing both the mechanical properties and durability of the resulting cementitious
composites. According to [112], the presence of nano-Al,Os accelerates the hydration of Portland cement
by providing additional nucleation sites that facilitate the formation of calcium silicate hydrate (C-S-H)
phases more rapidly than in traditional cement mixtures. This can lead to an increase in early strength
development, which is crucial for many construction applications. Furthermore, [113] observed that nano-
AL Oj; particles modify the microstructure of hydrated cement, reducing porosity and improving the packing
density of the cement paste. These changes contribute to the enhanced impermeability and sulfate resistance
of the cement, making it more durable in aggressive environments. The alteration in the kinetics of cement
hydration and the resultant microstructural refinements underscore the potential of nano-Al,O; as a
beneficial additive in modern cement formulations.

However, almost all prior research on the effects of nano-Fe>O3 and nano-Al,O3 on cementitious materials
has concentrated on traditional concrete or mortar [e.g., 100-113]. Since concrete and mortar differ from
CPB, the findings related to these materials are not directly applicable to CPB. Additionally, only a few
studies have examined the impact of nano-Fe,O; and nano-Al,Os on the strength and microstructure of CPB
[e.g., 119], concluding that these nanoparticles enhance CPB’s strength and microstructure. The results
suggest that adding these nanoparticles to CPB without superplasticizers (SP) results in lower strength due
to a higher likelihood of agglomeration. Conversely, samples containing SP and these nanoparticles exhibit
higher unconfined compressive strength (UCS) and more suction than the control sample at early curing
stages. It has been observed that the addition of nanoparticles generates more hydration products, enhancing
the interparticle friction and packing density of the CPB structure [119]. Greater strength is achieved by
increasing the SP content (0.25%) with the same nanoparticle content (1%). However, previous studies
have overlooked the effects of nano-Fe,O3 and nano-Al,O; on the rheological properties or flowability of
CPB. No prior research has addressed the impact of these nanoparticles on the rheological properties and
fresh microstructure of CPB.
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2.6  Total Carbon Dioxide Emissions from Cement Production

Cement production is a significant contributor to global CO: emissions, accounting for about 5-7% of
anthropogenic CO: emissions[120]. The primary sources of emissions in cement manufacturing stem from
the calcination of limestone (releasing CO: from calcium carbonate) and the combustion of fossil fuels to
heat the kilns, making it both energy- and carbon-intensive [121]. On average, each ton of Portland cement
clinker produced releases around 866 kg of CO: [122]. The substantial emissions arise due to the need for
high temperatures (up to 1,400°C) and the calcination process, which alone contributes approximately 60%
of total CO: emissions, with the remaining 40% from fuel.

Figure 2.2. shows that compared to other construction materials, cement has a relatively high carbon
footprint due to these intrinsic production processes. For example, aluminum production is highly carbon-
intensive, emitting over 10,000 g of CO: per kg of material, whereas steel production also has a high carbon
footprint due to its reliance on fossil fuels. In contrast, materials like wood have a much lower carbon
footprint due to their natural carbon storage capabilities and lower processing energy. Cement’s embodied
CO:2 emissions are around 600-900 g of CO: per kg, depending on the production method and clinker
content, which is significantly higher than materials like timber but lower than metals such as steel and
aluminum [123].
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Figure 2.2 Illustration. Carbon footprint and energy consumption of commonly used construction
materials. [123]

Efforts to reduce cement’s carbon footprint include substituting traditional clinkers with supplementary
cementitious materials (SCMs) like fly ash, slag, and pozzolans, which lower the proportion of clinker and
therefore the associated CO: emissions. However, achieving substantial reductions requires advancing
carbon capture and storage (CCS) technology, energy efficiency improvements, and exploring alternative
fuels and clinker chemistries [124]. While traditional improvements can cut emissions, a significant
reduction will likely depend on innovative technologies and materials, as the standard methods may not
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sufficiently decrease emissions to meet climate targets [125].

2.7 Description of the test analysis techniques used in this thesis.

2.7.1 Viscosity Test

The backfill specimen viscosity was determined using a digital viscometer (Model DVE; Brookfield
Engineering Laboratories Inc., Middleboro, MA, USA) equipped with an immersed rotating spindle (Figure
2.2). This apparatus enables the instantaneous measurement of viscosity by rotating a spindle at a constant
speed using a calibrated spring. The viscous drag of the mixture is determined by the spring deflection
caused by a rotary transducer [89]. For further insights into CPB viscosity measurements using this
viscometer, refer to the work by [87].

(BROOKFIELD

|
|
|

Figure 2.3 Brookfield digital viscometer.

2.7.2 Vane Shear Test

The vane shear test was conducted to ascertain the yield stress of the samples. A vane device (Wykeham
Farrance) consisting of a four-blade vane and a motor, which rotates the vane at a constant rate of 0.18 rpm
through a calibrated torsion spring, was utilized in the study (Figure 2.3). Vane shear tests were performed
following the ASTM D4648/D468M-13 standard. Before each test, the sample was stirred manually and
then mixed with a spoon for 1 minute to ensure homogeneity and to simulate the constant shear undergone
by the CPB during transport, preventing any settling of the tailing grains due to self-weight. The vane was
inserted into the specimen's central surface, and the apparatus was activated. The peak torque was noted,
and the corresponding yield stress was calculated using the following equation (ASTM D4648 [102]):
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Equation 2.4 where t represents the yield stress, Tm signifies the determined maximum torque, H denotes
the length of the vane, and D represents the vane's diameter. Each test was conducted at least three times
to ensure the reliability of the results.

Figure 2.4 shows the vane test method's schematic depiction

2.7.3 Microstructural Analysis

XRD, thermal gravimetry (TG), and differential thermal gravimetry (DTG) analyses were performed on
CPB cement pastes to elucidate the microstructural changes in CPB specimens with and without
nanoparticles. Cement paste specimens were dried at 45 °C for four days to remove free water, and then
ground into powder. XRD and TG/DTG analyses were employed to determine the phase composition of
the hydration products. TG/DTG analysis was conducted using a thermal analyzer (TGA Q5000 V3.15
Build 263), heating the specimens from 0 to 1000 °C in a nitrogen atmosphere at a heating rate of 10 °C/min.
XRD analysis was carried out using a Rigaku Ultima-IV diffractometer, operating at 40 kV and 44 mA,
scanning from 2° to 80° of 20 range with an increment of 0.02 and a scanning rate of 0.5°/min.

2.7.3.1 pH and Zeta Potential (ZP) Measurements

pH values of the backfill specimens were determined using Metrohm 704 with an accuracy of =0.003 Zeta
potential measurements, providing insights into particle-particle interactions at the microscale [35], were
conducted using the Zetasizer Nano series. The electrophoretic mobility of particles in suspension was
measured based on phase analysis light scattering (PALS). ZP was determined using the Henry Equation
[90]. Specimens were prepared using distilled water, and each ZP measurement was repeated five times for
reliability.
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Figure 2.5 Metrohm 704 with an accuracy of £0.003

2.7.3.2 Electrical Conductivity Monitoring
To gain further insights into the cement or binder reaction processes impacting the rheological properties
of CPB with varying nP contents, an EC sensor (5TE electrical conductivity) from Decagon Devices, Inc.
was employed. The sensor, positioned at the center of each specimen, measured the electrical conductivity
of the backfill specimens by applying an alternating current between two electrodes and calculating the
resistance between them. A data logger was used to collect data from the sensor.

= s ‘

p " v
e
P . ¢ g

*

Figure 2.6 5TE electrical congucﬁvity opéraion
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2.8 Summary and Conclusion

This chapter discusses the current knowledge/findings on the hydration mechanisms of PC and PC/Slag
systems, as well as the impact of nanoparticles on binder hydration. The studies reviewed indicate that
while slag can improve the long-term strength and microstructure of CPB, it may negatively affect early
strength. The addition of nanoparticles, particularly nano-Fe203 and nano-Al203, has shown promise in
enhancing early strength and overall performance by generating more hydration products and improving
the packing density of the CPB structure. However, the effects of these nanoparticles on the rheological
properties and flowability of CPB are not known. Future research should focus on addressing these gaps
to fully understand and optimize the use of these nanoparticles in CPB applications.
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3  Technical Paper 1: Rheological Properties of Iron Oxide Nanoparticle-Modified
Cemented Paste Tailings Materials
Raouf Kaviani, Mamadou Fall

Abstract:

The rheological characteristics of Cemented Paste Backfill (CPB) materials incorporating iron oxide
nanoparticles (nFeO) remain uninvestigated, with no existing studies addressing this aspect. Understanding
the yield stress and viscosity of CPB containing nFeO during the early stages is essential, particularly for
implementing nano-CPB technology in underground mines. This study aims to investigate in depth the
impact of nFeO on the rheological properties of CPB and its evolution as a function of time. CPB samples
of various compositions (e.g. nFeO content, binder type, superplasticizer content) are subjected to yield
stress and viscosity measurements at 0 min, 20 min, 1 h, 2 h and 4 h intervals. In addition, the study includes
monitoring electrical conductivity (EC), performing microstructural analyses (TG/DTG and XRD), pH and
Zeta potential measurements on the samples. The results reveal that incorporation of nFeO into CPB leads
to significant alterations in its rheological characteristics, affecting its flowability. Incorporation of nFeO
significantly increases the yield stress and viscosity of CPB samples, the degree of influence depending on
factors such as binder type, curing time and water content. The interaction of nFeO and a larger portion of
nFeO, together with an increase in curing time, increases rheological properties, leading to a decrease in
paste flowability, due to the nFeO-induced microstructural changes occurring in the CPB material. This is
confirmed by EC, DTG and XRD results, which indicate an increase in binder hydration as nFeO dosage
increases. In addition, increasing nFeO reduces the magnitude of the zeta potential, leading to a decrease in
repulsion force and flowability. However, the addition of 0.125% superplasticizer is identified as a
compensator for the reduced flowability induced by nFeO, as shown by EC, XRD and DTG tests which
reveal a decrease in cement hydration rate at very high ages due to the superplasticizer. Furthermore,
increasing the slag content from 0% to 50% and 75% of the binder content proves effective in slightly
decreasing viscosity but significantly increasing yield stress. The new insights presented in this study help
to advance nano-CPB technology, offering valuable implications for its effective application in underground
mine backfill operations. They not only shed light on the rheological behavior of nano-CPB materials, but
also hold promise for advancing the application of the nano-CPB technology in underground mine backfill
operations.

Keywords: Cemented paste backfill, Tailings, Mine, Rheology, Nano-particles, Cement, Iron oxide
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3.1 Introduction

The use of cemented paste backfill (CPB) material for filling mine cavities has grown significantly in recent
decades. CPB, a combination of tailings, binder, and water, plays a critical role in enhancing ground control
and creating a safe working environment. Additionally, it facilitates the effective disposal of mine waste,
thereby reducing the potential risks associated with tailings dam failures, and tailings-induced
environmental contamination and promoting optimal resource recovery [1-6].

The stability of the underground CPB structure is of paramount importance in ensuring the safety of
personnel and equipment in underground mining operations. Thus, the CPB structure must achieve
sufficient mechanical strength. Moreover, achieving CPB design strength as quickly as possible is an
objective shared by all stakeholders involved in backfilling operations. This early strength gain is crucial
for timely actions, such as the opening of barricades, scheduling mining activities in the neighboring stope,
and, ultimately, shortening the mining cycle to enhance overall productivity and profitability.

However, the traditional components used in CPB preparation, including the binder, water, and tailings, are
not inherently designed to promote rapid early CPB strength gain. Typically, ordinary Portland cement
(OPC) remains the most commonly used binder in CPB preparation. The use of ordinary Portland cement
(OPC) as a binding agent in CPB not only contributes to increased costs but also limits the rate of early
CPB strength gain. Furthermore, the production of OPCs leads to the emission of a substantial volume of
greenhouse gases. The current production rate, exceeding 4 billion tonnes of OPC annually, contributes to
7% of global CO2 emissions [7]. As the mining industry increasingly gravitates towards a sustainable
future, the excessive use of OPC in CPB technology runs counter to this objective.

In response to cost considerations, supplementary cementitious materials (SCMs), notably blast furnace
slag (BFS), have been frequently used to partially replace ordinary OPC in CPBs. While this practice
contributes to cost reduction and helps lower the carbon footprint associated with CPBs, the drawback lies
in the slag's slower early hydration, resulting in a noticeable drop in early-age strength and rate of strength
development in CPBs incorporating slag. This slowdown poses productivity challenges for mines. As a
result, the mining industry has been prompted to look for alternative approaches aimed at accelerating the
strength development and reducing the carbon footprint of CPBs [8-9].

The incorporation of nanoparticles, in particular iron oxide nanoparticles (nFeO), as additives in CPBs is
an emerging avenue in CPB technology. This innovative approach aims to enhance the mechanical
properties and reduce the carbon footprint of CPBs by incorporating Fe,Os nanoparticles into the CPB
mixes while reducing its OPC content [2]. This trend is inspired by the successful application of nano-
particles in producing high-performance concrete with improved early-age strength and strength
enhancement rates [10-20]. The incorporation of nano-particles in concrete or cement-based materials
(CBMs) has garnered significant attention in recent years. Studies have demonstrated that the inclusion of
nano-particles can substantially enhance the mechanical properties of conventional concrete or mortar
materials, owing to their physical (e.g., filler effect) and chemical (e.g., enhancement of the cement
hydration) effects. Notably, nano-Fe,O3 has been extensively investigated in the context of CBMs. In the
realm of construction materials, particularly in the context of cement and concrete research, extensive
investigation has underscored the efficacy of incorporating nano-iron Oxide (nFeO) particles. These studies
have pointed towards the considerable enhancement of both strength and strength gain rate in concrete or
mortar composition (e.g., [21-28]). Iron oxide's role as a filler contributes to reduced porosity, thus fostering
the formation of a denser cementitious matrix.

However, beyond the imperative focus on strength, another critical design consideration in the context of
CPB is the flow ability or transportability of the fresh material. Ensuring suitable flow ability is essential
to facilitate smooth pumping and delivery to mine cavities (stopes). Insufficient flow ability can lead to
complications such as pipe blockages, ultimately incurring significant economic setbacks for mining
operations (e.g.[10], [13], [29-32]). Unfortunately, the specific impact of nFeO particles on the flow ability
of CPB remains a relatively unexplored area. Evaluation of flow ability typically entails the examination
of CPB's rheological properties, involving the analysis of viscosity and yield stress, representing the
material's resistance to deformation and initiation of flow, respectively [33-34].

29



Nevertheless, several fundamental questions about the interplay between nFeO and CPB's rheological
properties remain unanswered. These include inquiries into the influence of nFeO on CPB yield stress, its
impact on the viscosity of fresh CPB, variation in viscosity and yield stress during the curing and
transportation phases, the resulting changes in CPB's microstructure due to nFeO, and the potential
interactions with superplasticizers or mineral admixtures Slag. Addressing these critical knowledge gaps is
imperative for the successful integration and application of nano-CPB technology. Thus, this study
encompasses an array of experimental methodologies, including comprehensive rheological tests,
microstructural analyses, chemical evaluation, and an extensive monitoring program, aiming to provide
crucial insights into the effects of nFeO particles on CPB's rheological, microstructural, and chemical
properties across different binder types, with or without superplasticizers, over varying timeframes.

3.2 Experimental Approach

3.2.1 Specimen Preparation and Materials

3.2.1.1 Tailings

The study employed synthetic silica tailings (ST) characterized by their non-reactive and non-acid
generating properties, ensuring result reliability. ST mainly consists of quartz minerals, mirroring the
mineral composition of natural tailings from numerous hard rock mines in Canada. The medium-sized ST

exhibited a grain size distribution similar to that of tailings from various mines in eastern Canada (see
Figure 3.1 and Table 3.1).
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Figure 3.1 Distribution of silica tailings (ST) grain sizes and average grain sizes of tailings from nine
Eastern Canadian mines.
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Table 3.1 Physical characteristics of the tailings used.

Element Gs Do D30 Dso Deo Ss

(pm) (rm) (pm) (pm) (cm?/g)
ST 2.7 1.9 9.0 22.5 31.5 3600
An average of 9 — 1.8 9.1 20.0 30.8 -
mines

Gs: specific gravity; Ss: specific surface area.

3.2.1.2 Binders and water

Ordinary PC type I (PCI) served as the primary binder with a specific gravity of 3.2. Additionally, select
CPB specimens were prepared using a blend of PC and slag at a 50/50 and 25/75 weight ratio, a common
practice in Canadian CPB plants, with a binder content of 4.5% by weight [12, 26]. Table 3.2 provides the
physical properties and chemical composition of the binders, determined primarily through X-ray
fluorescence (XRF). Distilled water, with a water-to-cement ratio of 7.8, was utilized for the preparation of
all backfill samples.

Table 3.2 Primary chemical and physical properties of the Portland cement and Slag used.

Na;O MgO ALO; SiO; K;O CaO TiO: MnO Fe:O; Relative Specific
density surface area

(cm?/g)
PCI 034 258 481 2038 096 6270 023 005 3.61 32 1300
Slag 028 11.78 10.60 3557 0.48 3921 047 030 0.62 2.8 2100

3.2.1.3 Nano-Iron Oxide

Utilized in various concentrations (0%, 1%, and 3% by total mass of binder materials), nano-iron Oxide,
an amorphous Fe,O, with high purity and a large specific surface area, was sourced in colloidal form from
Dow Corning, Inc. Table 3.3 shows the chemical and physical characteristics of the employed nFeO
particles.

Table 3.3 Chemical and physical specifications of the nano-particles used.

Nano-Fe;0;
Purity (%) 0.98
APS 20-40 nm
SSA 40-60 m*/g
PH 5-7
Color Red-brown
Bulk density 1.2 g/cm®

Data obtained from suppliers.

3.2.1.4 Superplasticizer

Certain CPB samples were supplemented with a superplasticizer (0.125% by weight of the mixture). Master
Glenium 7500 (Master G) from BASF, meeting ASTM specifications for high-range water-reducing
admixtures, was the selected superplasticizer [35-36].
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3.2.2 Specimen Preparation

Various CPB mixtures with differing nFeO proportions were prepared alongside reference samples devoid
of nFeO (0% nFeO). Maintaining a consistent water-to-binder ratio (W/B) of 7.8 and binder content of 4.5
wt%, the dry ingredients were thoroughly blended for 5 minutes, followed by the addition of water and
nFeO, mixed for an additional 5 minutes using a mechanical mixer. The CPB was then transferred into 10
cm height and 5 cm diameter plastic cylinders, with larger cylinders of 10 cm in diameter and 20 cm in
height used for monitoring purposes. After eliminating trapped air through manual vibration, the CPB
cylinders were sealed and cured at room temperature for specific durations to mimic various transportation
times. The mix proportions for the prepared CPBs are outlined in Table 3.4. Additionally, cement paste
samples for microstructure analysis were prepared using a consistent W/B ratio of 1. Post-curing, various
tests and analyses were conducted on the CPB and CP specimens (Table 3.5).

Table 3.4 Mix composition of the specimens prepared for rheological tests.

Sample name Nano-Fe;0; @ Binder Binder type w/b Superplasticizer
(%) (%) (%)
CPB-PCI-0%nFeO 0 4.5 PCI 7.8 0
CPB-PCI-1%nFeO 1 4.5 PCI 7.8 0
CPB-PCI-3%nFeO 3 4.5 PCI 7.8 0
CPB-PCI 1%nFeO- 1 4.5 PCI 7.8 0.125
SP
CPB-PCI 3%nFeO- 3 4.5 PCI 7.8 0.125
SP
CPB- 0 4.5 PCI/Slag 7.8 0
50%PCI1/50%Slag (50/50)°
0%nFeO
CPB- 1 4.5 PCI/ Slag 7.8 0
50%PC1/50%Slag (50/50)
1%nFeO
CPB- 3 4.5 PCI/ Slag 7.8 0
50%PCI1/50%Slag (50/50)
3%nFeO
CPB- 0 4.5 PCI/Slag 7.8 0
25%PC1/75%Slag (25/75)
0%nFeO
CPB- 1 4.5 PCI/Slag 7.8 0
25%PCl1/75%Slag (25/75)
1%nFeOCPB
CPB- 3 4.5 PCI/Slag 7.8 0
25%PCl1/75%Slag (25/75)
3%nFeOCPB
a) by the mass of the binder; b) PC/Slag (50/50) = the blend weight ratio of Portland cement to Slag

1s 50/50
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Table 3.5 Summary of the mix composition of the specimens prepared for XRD, TG/DTG analyses.

Sample Binder %PCI %Slag SP Taili- W Mixi Nanap Nanop Curi
Nomenclat Conte- in the inthe % ngs C -ng Content type -ng
-eure nt binder  binder type Ra Wate % time
% -tio -r (hrs)
CPB-PCI0 - 100 0 0 none 1 DW 0 none 2
CPB-PCI1 - 100 0 0 none 1 DW 1 nFeO 2
CPB-PCI3 - 100 0 0 none 1 DwW 3 nFeO 2
CPB- - 50 50 0 none 1 DwW 3 nFeO 2
PClI/Slag 3
CPB-PCI - 100 0 0.125 none 1 Dw 3 nFeO 2
3-SP

DW: distilled water; SP: superplasticizer; Nanop: nanoparticles

3.2.3 Methods of Testing and Analysis

3.2.3.1 Viscosity Test

The backfill specimen viscosity was determined using a digital viscometer (Model DVE; Brookfield
Engineering Laboratories Inc., Middleboro, MA, USA) equipped with an immersed rotating spindle. This
apparatus enables the instantaneous measurement of viscosity by rotating a spindle at a constant speed using
a calibrated spring. The viscous drag of the mixture is determined by the spring deflection caused by a
rotary transducer [37]. For further insights into CPB viscosity measurements using this viscometer, refer to
the work by [36]. Samples were assessed at specific curing times of 0 min, 20 min, 1 h, 2 h, and 4 h, with
tests conducted twice to ensure result repeatability.

3.2.3.2 Vane Shear Test
The vane shear test was conducted to ascertain the yield stress of the samples. A vane device (Wykeham
Farrance) consisting of a four-blade vane and a motor, which rotates the vane at a constant rate of 0.18 rpm
through a calibrated torsion spring, was utilized in the study. Vane shear tests were performed at 0 min, 20
min, 1 h, 2 h, and 4 h post-mixing, following the ASTM D4648/D468M-13 standard. Before each test, the
sample was stirred manually and then mixed with a spoon for 1 minute to ensure homogeneity and to
simulate the constant shear undergone by the CPB during transport, preventing any settling of the tailing
grains due to self-weight. The vane was inserted into the specimen's central surface, and the apparatus was
activated. The peak torque was noted, and the corresponding yield stress was calculated using the following
equation (ASTM D4648 [38]):
2T,
1 H
0?3+ p]

Ty

Equation 3.1 Where t represents the yield stress, Tn signifies the determined maximum torque, H denotes
the length of the vane, and D represents the vane's diameter. Each test was conducted at least three times
to ensure the reliability of the results.

3.2.3.3 Microstructural Analysis

XRD, thermal gravimetry (TG), and differential thermal gravimetry (DTG) analyses were performed on
CPB cement pastes to elucidate the microstructural changes in CPB specimens with and without nFeO.
Cement paste specimens were dried at 45 °C for four days to remove free water, and then ground into
powder. XRD, and TG/DTG analyses were employed to determine the phase composition of the hydration
products. TG/DTG analysis was conducted using a thermal analyzer (TGA Q5000 V3.15 Build 263),
heating the specimens from 0 to 1000 °C in a nitrogen atmosphere at a heating rate of 10 °C/min. XRD
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analysis was carried out using a Rigaku Ultima-IV diffractometer, operating at 40 kV and 44 mA, scanning
from 2° to 80° of 20 range with an increment of 0.02 and a scanning rate of 0.5°/min.

3.2.3.4 pH and Zeta Potential (ZP) Measurements

pH values of the backfill specimens were determined using Metrohm 704 with an accuracy of £0.003. Each
measurement was taken at least twice for result validation, and average values were recorded. Zeta potential
measurements, providing insights into particle-particle interactions at the microscale [10], were conducted
using the Zetasizer Nano series. The electrophoretic mobility of particles in suspension was measured based
on phase analysis light scattering (PALS). ZP was determined using the Henry Equation [39]. Specimens
were prepared using distilled water, and each ZP measurement was repeated five times for reliability.

3.2.3.5 Electrical Conductivity Monitoring

To gain further insights into the cement or binder reaction processes impacting the rheological properties
of CPB with varying nFeO contents, an EC sensor (5TE electrical conductivity) from Decagon Devices,
Inc. was employed. The sensor, positioned at the center of each specimen, measured the electrical
conductivity of the backfill specimens by applying an alternating current between two electrodes and
calculating the resistance between them. A data logger was used to collect data from the sensor.

3.3 Results and Discussion

3.3.1 Influence of Nano-Iron Oxide (nFeO) on the rheological properties of CPB made of
Portland cement
The influence of nFeO on time-dependent changes in the rheological characteristics (yield stress, viscosity)
of CPB with 100% Portland cement as binder is illustrated in Figure 3.2. This figure shows that irrespective
of nanoparticle content, the yield stress and viscosity of the backfill increase with curing time. This behavior
arises from the evolving process of cement hydration over time, giving rise to an augmented production of
various cement hydration products, including C-S-H, ettringite, and CH, as the hydration reaction advances
[40-41]. This, in sequence, promotes the agglomeration of particles and the development of more cohesive
structures [10], thereby enhancing inter-frictional resistance and yield stresses of the material [12].
Additionally, with the rising degree of cement hydration, there is a concurrent increase in the size of
hydration products [13, 40, 42]. Consequently, the solid volume fraction of CPB samples rises continuously,
resulting in a progressive rise of viscosity [16, 41, 43]. Moreover, the cement hydration process consumes
free water, leading to a reduction in the thickness of the water film surrounding the particles. This reduction
in water content is directly linked to a gradual enhancement in yield stress. Clearly, this decrease in water
content correlates with an augmentation in the solid volume fraction of the CPB. Higher solid volume
fractions contribute to heightened levels of particle-particle interactions, consequently elevating the
apparent viscosities of fresh CPB specimens, as noted by [13], [17]
The experimental findings of thermal analyses (TG/DTG) support the aforementioned notion that an
extended curing time results in the generation of more cement hydration products, as evidenced by TG/DTG
analyses performed on cement pastes cured for 60 minutes and 240 minutes, as depicted in Figure 3.3. This
figure reveals three distinct endothermic peaks or weight losses occurring at temperature ranges of 50-
200°C, 400-450°C, and 600-700°C. The weight loss between 50-200°C is primarily attributed to the
evaporation of bound water and the dehydration of hydration products like C-S-H, carboaluminates,
ettringite, and gypsum. The peak between 400-450°C is mainly due to the dehydroxylation of CH, and the
peak between 600-700°C results from the decomposition of calcite (CaCOs3) ([44-48]). It is evident from
Figure 3.3 that the peak at temperature ranges of 50-200°C and 400-450°C is higher in cement paste cured
for 240 minutes compared to the specimen cured for 60 minutes. This observation indicates an increase in
the quantity of hydration products generated in the CPB samples with prolonged curing time.
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Figure 3.2 Effect of nano-Fe203 (nFeQ) content on the evolution of the rheological properties of CPB with
Portland cement: a) yield stress, b) Viscosity
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Figure 3.3 TG/DTG analysis results of cement paste samples without nFeQ and cured for 60 min. and 240
min.

Additionally, Figure 3.2 indicates a significant modification in CPB's flow ability due to the addition of
nano-particles. It shows a substantial increase in backfill yield stress and viscosity with the incorporation
of nFeO, irrespective of the testing age. For instance, at 0 min, 20 min, 1 h, 2 h, and 4 h, the yield stress of
specimen containing 3% nFeO was 256 Pa, 279 Pa, 360 Pa, 420 Pa, and 635 Pa, respectively, representing
an increase of about 12%, 37%, 23%, 29%, and 30% compared to the 0% nanoparticle sample. The yield
stress of samples with 1% nFeO increased by about 6%, 26%, 14%, 22%, and 12% compared to the 0%
nanoparticle samples at 0 min, 20 min, 1 h, 2 h, and 4 h, respectively. Moreover, the addition of 1% and 3%
nFeO resulted in a 9% and 22% increase, respectively, in viscosity at 4 h compared to the control sample.
Furthermore, the influence of adding 3% nFeO on CPB viscosity at 0 h and 20 min was more pronounced
than that of 1%. The decline in flowability observed in the presence of nFeO, as indicated by increased
yield stress and viscosity, can be attributed to combined effects of several factors. These factors include (i)
the filler effect exerted by nanoparticles, (ii) the enhancement of the cement hydration induced by nFeO,
(ii1) an increase in water demand due to the presence of nanoparticles, and (iv) enhanced flocculation or
agglomeration of the paste owing to nFeO particles [40, 49, 50-56]. These factors collectively contribute to
the altered rheological properties of CPB in the presence of nFeO, and a more in-depth discussion of these
factors follows below.

e nFeO filler effect: It is widely recognized that nano-particles play a crucial role by partially occupying
the void spaces within a cementitious medium, leading to the densification of its microstructure [42].
This in turn raises the frictional resistance between the particles and the solid volume fraction in the
CPB material, and ultimately the yield stress and viscosity of the backfill material [18], [40].

¢ Enhancement of the cement hydration by nFeO: The minute dimensions of nFeO particles offer an
abundance of nucleation sites, facilitating the precipitation of numerous hydration products, notably
C-S-H. These nucleation sites play a pivotal role in fostering and intensifying the hydration process
of essential cement compounds, including C;S, C.S, C3A, and C4AF [40, 54, 57]. The XRD analyses
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conducted on 2-hour-old cement pastes of CPB, which included 0%, 1%, and 3% nFeO particles
(depicted in Figure 3.4), validate the enhancement of cement hydration upon the incorporation of
nFeO. The XRD results show the presence of a higher quantity of hydration products in the sample
containing nFeO. For example, CH intensity is higher for the sample with nFeO than for the sample
without nFeO. Indeed, CH intensity at 18 and 34 degrees 2-theta for the sample containing
nanoparticles (nFeO) is higher than for the sample without nFeO. This observation implies a greater
formation of CH in specimens with the inclusion of nFeO, underscoring its impact on cement
hydration. This conclusion regarding the generation of more hydration products due to the addition of
nFeO particles aligns with the results of TG/DTG analyses done on 2h-old-cement pastes with
different nFeO contents (0%, 1% and 3%) presented in Figure 3.5. These results reveal that the cement
paste, when modified with nFeO, exhibits the most pronounced endothermic peaks and weight loss
within the temperature range of 100°-180°C. These indicators suggest an increased formation of
hydration products, leading to elevated yield stress and viscosity levels. This alignment is further
supported by the congruence with the results of EC monitoring results of CPB samples with varying
percentages of nFeO depicted in Figure 3.6. As depicted in this graph, the curves exhibit increasing
trends initially, attributable to the dissolution phase of the cement. Following the addition of water to
the cement, the dissolution of ions from the cement occurred, releasing various types of ions such as
potassium, calcium Iron oxide ions, and aluminate. These free and mobile ions enhanced the electrical
conductivity of the paste [57-58]. As further hydration reaction took place, hydrates like CH, C-S-H,
and ettringite filled the capillary pores. Consequently, the decrease in both ion mobility and
concentration led to a reduction in EC [59]. As presented in Figure 3.6, during the early stage (up to 2
hours or 120 min), the EC for the samples containing nFeO was higher compared to those without
nFeO. Additionally, there was a distinct shift of the EC peaks to shorter hydration times with the
incorporation of nFeO, suggesting accelerated hydration reaction rates with nFeO inclusion. Indeed,
the conductivity peaks occurred at 3.5 hours (210 min), 3.7 hours (220 min), and 5.8 hours (350 min)
for the specimens containing 3%, 1%, and 0% nFeO, respectively. This rapid acceleration of cement
hydration during the initial phases aligns with the observations presented in Figure 3.2 concerning
yield stress and viscosity.

nFeO-induced increase in water demand: The incorporation of nFeO into the CPB directly affected
the water demand of the CPB mixture to achieve suitable flowability. It is well-known that nano-
particles increase water demand [60-61]. The higher water demand in the presence of nanoparticles is
attributed to their high surface area (386 m?%/g), which adsorbs the free water on their surface. Finer
particles mean more surface area to be wetted. Consequently, a higher amount of water is required to
maintain the workability or flowability of the CPB at an acceptable level [62].

Enhanced flocculation or agglomeration of the paste owing to nFeO particles: The inclination
towards agglomeration or flocculation subsequent to introducing nFeO particles corresponds with the
outcomes of zeta potential (ZP) measurements conducted on the CPBs containing varying amounts of
nFeO particles (Figure 3.7). ZP determination, a method utilized for assessing the surface charge and
potential stability of suspended particles, indicates that a higher ZP magnitude is associated with
increased electrostatic repulsion between charged particles, resulting in enhanced dispersion. ZP
represents the electrostatic surface charge, dictating the extent of repulsion or attraction between
colloidal particles [57]. Consequently, the dispersal process of nFeO particles in an alkaline
environment of Portland cement paste (Figure 3.7) can be discerned through ZP. Figure 3.8 portrays
the pH trend over time for PCI-CPB samples incorporating 0% and 3% nFeO. The formation of
Ca(OH), due to cement hydration establishes an alkaline condition (high pH) in all CPB samples.
After a 20-minute curing period, pH values for specimens with 0% and 3% nFeO were 12.79 and
12.93, respectively. Furthermore, after 2 hours of aging, pH values increased to 13.03 and 13.06 for
samples with 0% and 3% nFeO, respectively. As evident in Figure 3.8, the pH of CPB with 3% nFeO
surpasses that of CPB without nFeO, aligning with the discussed fact that nFeO particles enhance
cement compound hydration, releasing more alkali ions into CPB pore water and consequently
elevating the pH value. Figure 3.7 displays ZP measurement results for CPB with 100% PCI,
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incorporating 1% and 3% nFeO, in comparison with the control sample. The ZP of the CPB decreases
as the nFeO percentage increases, indicating a greater electronic double-layer repulsive force in the
absence of nFeO. Reduced repulsion and low ZP lead to altered rheology and increased water demand,
consistent with the results of yield stress and viscosity, as discussed earlier [14].

Ettringite CH CaCO3 CSH CH Ettringite
V'Y —— CPB-PCI-0%nFeO

—— CPB-PCI-1%nFeO
CPB-PCI-3%nFeO

0 10 20 30 40 50 60 70 80 90 100

Figure 3.4XRD results of cement paste of PCI-CPB with 0,1 and 3 percentage of nFeO inclusion after 2 h.
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Figure 3.5 TG/DTG diagrams for cement pastes with 100% PCI cured for 2 h and containing 0%, 1%, and
3% of nFeO particles
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Figure 3.8 pH evolution of CPBs with 0% nFeO vs [%nFeO vs 3%nFeO.

3.3.2 Influence of Nano-Iron Oxide (nFeQO) on the rheological properties of CPB with Slag

In recent years, blending cement with a mineral mixture, such as Slag, has been widely employed in
cemented backfill. Blended cement results in a cost decrease of CPB and improves its durability [41].
Moreover, the use of Slag, which is a low-carbon binder, helps to reduce the carbon footprint of a mine,
thereby promoting sustainable mining and mine waste management. Thus, further tests were carried out to
assess the rheological characteristics of backfill wherein Portland cement was partially substituted with
slag. Three replacement scenarios were explored: a 0% replacement denoted as PCI, a 50% replacement
denoted as PCI/Slags (50/50), and a 75% replacement represented as PCI/Slags (25/75).

Figure 3.9 illustrates the impact of varying nFeO percentages on the yield stress (Figure 3.9a) and viscosity
(Figure 3.9b) of backfill samples with PCI, PCI/Slag (50/50), and PCI/Slag (25/75) after a 2-hour curing
period. The data reveals a consistent trend: both yield stress and viscosity exhibit show an ascending trend
with increasing nFeO content and curing time across all sample types—PCI, PCI/Slag (50/50), and
PCI/Slag (25/75) regardless of the binder utilized. The underlying mechanisms driving this behavior have
been elucidated in the preceding section. In particular, Figure 3.9a indicates that, regardless of the presence
or absence of nanoparticles, samples containing Slag consistently display higher yield stress compared to
those containing only PC. Moreover, the yield stress shows a positive correlation with the proportion of
Slag in the mix. To illustrate, the yield stress values for samples with 100% PCI, PCI/Slag (50/50), and
PCl/Slag (25/75) after a 2-hour aging period without nFeO were 325, 423, and 683 Pa, respectively. The
increased yield stress observed in samples containing PCI/Slag can be ascribed to alterations in inter-
particle forces resulting from the partial replacement of PCI with Slag. The coagulation and dispersion
behavior of a suspension is influenced by Van der Waals attraction and electrostatic repulsive forces. When
the predominant particle interaction is attraction, aggregates form, leading to an augmentation in yield
stress. Figure 3.13 displays the results of zeta potential analysis conducted on fresh CPB samples with
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varying PCI-to-Slag replacement ratios, excluding nFeO. Notably, the absolute value of zeta potential is
higher in the 100%PCI-CPB sample (50 mV) compared to the Slag-CPB sample (25 mV for PCI/Slag
(50/50), 20 mV for PCI/Slag (25/75)), indicating a greater electric double layer repulsive force in the former.
Conversely, particles in the Slag-CPB exhibit increased attractiveness, contributing to higher yield stress.
Additionally, in line with DLVO theory, the reduced zeta potential in Slag-CPB suggests the potential
formation of a 'secondary minimum,' characterized by a weaker and potentially reversible adhesion between
particles. These weak flocs remain stable enough to withstand Brownian motion, requiring additional
externally applied force for the vane blade to induce flow in the suspension [19-20].

Moreover, by examining Figure 3.9b, it becomes evident that the viscosity of the CPB exhibits a contrasting
trend in comparison to the yield stress when Slag is introduced into the binder system, regardless of the
presence or absence of nanoparticles. To put it differently, the introduction of Slag as a partial replacement
for PC results in a reduction in the viscosity of the backfill samples. The higher viscosity of 100%PCI-CPB,
in comparison to Slag-CPBs, can be rationalized through two underlying mechanisms. Firstly, the faster
hydration rate of cement (compared to Slag) in the early stages leads to the formation of more hydration
products, such as C—S—H gel, ettringite, and CH, effectively bonding the tailing particles and thereby
increasing the solid volume fraction and particle cohesion, ultimately resulting in higher viscosity.
Secondly, the reduced formation of hydration products in the Slag-CPB implies a lower specific surface
area for the C—S—H gel, resulting in diminished water adsorption and consequently more free water in the
Slag-CPB. This excess free water forms a water film that envelops and lubricates particles [33]. The
argument regarding the increased formation of hydration products in 100%PCI-CPB samples is
experimentally validated through thermal analysis (TG/DTG) test results, which are employed to ascertain
the phase stability of cement and the quantity of hydrates present. Figures 3.11 and 10 illustrate the TG/DTG
and XRD diagrams for cement paste (CP) specimens with Slag/PCI-CP and PCI-CP. Analyzing the
TG/DTG curves for various combinations of CPs reveals that the presence of hydration products was
notably elevated when the binder consisted of 100% PCI. This higher amount is favorable for the CPB
hardening but alters the flow ability since C-S-H is the most important binding component of cement-based
materials [11]. The formation of a greater number of cement hydration products in samples containing 100%
PCl is also confirmed experimentally by the results of monitoring the EC of CPB with 100% PCI and with
a mixture of PCI cement and slag (50/50), presented in figure 3.12. This figure shows that EC reached its
maximum earlier in the sample with 100%PCI than in that with a cement blend, indicating faster hydration
of the binder in the former case.

From Figure 3.9, it is also evident that the addition of nFeO increased the yield stress of all CPBs,
irrespective of the binder type. However, the yield stress of the PCI/Slag (25/75) increased more with nFeO
content than with PCI/Slag (50/50), and PCI-CPB samples. Indeed, PCI/Slag (25/75) samples showed the
highest yield stress at 3% nFeO after 2 hours (912 Pa). This magnificent yield stress can be interpreted as
follows. Initially, upon water addition to the mixture (pre-induction period), certain cement components
such as aluminate (C3A) and gypsum dissolve, resulting in a slight reduction of solid concentration [63-64].
Second, the early-age hydration reactions of Slag/PCI-blended binder proceed slower than that of PCI
alone, leading to fewer hydration products and yield stress controlled by initial inter-particle forces in the
Slag-CPB mixture[12]. This slower hydration rate is supported by electrical conductivity monitoring
results, where higher values are observed in samples with higher Portland cement content (Figure 3.12).
Conversely, CPBs with Slag/PCI-blended binder exhibit delayed peak electrical conductivity, indicating
slower early-age hydration reactions [65-66] (Figure 3.12). As the Slag replacement percentage increases,
the reactivity of CPB samples decreases due to a reduction in the alkaline activating environment provided
by Portland cement hydration. Third, the consumption of calcium hydroxide (CH) by Slag activation
increases the negative zeta potential of the mixture, enhancing repulsive force and flowability [67-68].
Additionally, increasing the proportion of slag in the blended binder leads to higher yield stress and
viscosity of Slag-CPB [65, 69]. This is attributed to the small particle size of Slag particles, resulting in a
filler effect that bridges spaces between cement particles or tailings grains, leading to denser packing within
the backfill matrix [12, 15]. Denser packing increases friction between particles, thereby increasing yield

42



stress. Moreover, denser packing increases solid volume fraction, intensifying particle-particle interactions
and viscosity according to the Krieger—Dougherty model [63].

43



1000 -
900 -
800 -
700 -
600 -
500

400 -

Yield stress (Pa)

300
200 -

100

0% Iron oxide 1% Iron oxide 3%lron oxide
WmPCI mPCl/Slag (50/50) m PCl/Slag(25/75)

a) Yield stress
6 -

Viscosity (Pa.s)
w E)

N
1

1 ]
0 _
0% Iron oxide 1% Iron oxide 3%lron oxide
| PCl W PCl/Slag (50/50)  m PCl/Slag(25/75)
b) Viscosity.

Figure 3.9 Effect of Slag and nano-Fe2O3 and binder type on the rheological properties of 2 hr old CPB.
a) yield stress; b) Viscosity
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2h.
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Slag).

3.3.3 Impact of superplasticizer on the rheological properties of CPB with nFeO

The findings presented and analyzed earlier indicate that the introduction of nFeO particles adversely affects
the flow characteristics of CPB. This may be a potential concern for ensuring the smooth transport of fresh
CPBs modified with nFeO particles in practice. Consequently, a pertinent inquiry arises: can the
incorporation of a superplasticizer substantially improve the flow properties of CPB containing nFeO? As
such, an investigation into the impact of superplasticizer on the rheological properties of CPB with nFeO
was also undertaken.

Figure 3.14 illustrates the impact of a superplasticizer (at a concentration of 0.125% by weight of the
mixture) on the yield stress (Figure 3.14a) and viscosity (Figure 3.14b) of CPB aged 0, 20 minutes, 1 hour,
2 hours, and, 4 hours containing different amounts of nFeO. This figure shows that the addition of a
superplasticizer to the CPB with nFeO particles resulted in a substantial improvement of the flow ability of
CPB, regardless of the nanoparticle content. For example, specimens with 3% nFeO and 1% nFeO in the
presence of superplasticizer showed a reduction in yield stress of 57% and 54%, respectively, after 4 hours
of aging. Correspondingly the viscosity of the samples decreases too. Additionally, it can be observed from
Figure 3.14a that the impact of the superplasticizer on the yield stress was more pronounced for CPB
samples with higher nFeO content. This behavior suggests that the addition of a superplasticizer is even
more crucial for improving the flow ability of CPB with a higher nFeO percentage. This enhancement of
the flow ability of CPB with superplasticizer would obviously result in enhancing pumping efficiency,
reducing energy consumption and operational costs associated with pumping the nFeO-CPB material
underground.

The reduction in yield stress and viscosity resulting from the inclusion of a superplasticizer can be attributed
to the combined influence of two key factors. Firstly, it originates from the dispersing effect of higher-range
water-reducing admixtures (WRAs). Superplasticizers derived from carboxylic compounds, such as Master
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Glenium, introduce two distinct mechanisms of repulsion between cement particles: a) electrostatic
repulsion resulting from the negative charges of the carboxylic group, and b) steric repulsion associated
with the long polymer chains in the compound [36, 66, 72-73]. Secondly, the superplasticizer contributes
to delaying cement hydration at very early stages. As the repulsive force between cement particles
intensifies, fewer hydration by-products are produced, resulting in lower solid content and reduced viscosity
of the CPB. This statement is supported by TG/DTG diagrams of cement paste samples with varying
superplasticizer proportions cured for 2 hours, as depicted in Figure 3.15. The diagrams indicate that more
hydration products are produced within the cement paste without superplasticizer. Specifically, the initial
peak at around 100-200°C, indicating the most significant weight loss, are observed in the sample
containing 0% superplasticizer. The first peak corresponds to the formation of products such as calcium-
silicate-hydrate (C-S-H), ettringite, and gypsum ([47], [70-72]). This lower peak observed in TG/DTG
results (Figure 3.15) of the cement paste sample with superplasticizer suggest that significantly fewer solid
products are formed during the hydration process in the presence of the superplasticizer. Additionally, EC
monitoring results depicted in Figure 3.16 support the assertion that the superplasticizer retards the
hydration reaction. The electrical conductivity of the cement paste containing 0.125% superplasticizer is
notably lower than that of the paste with 0% superplasticizer, indicating higher ion mobility in the paste
without the admixture. Moreover, the specimen without superplasticizer reaches its peak earlier (after 210
min) than the sample with superplasticizer (peak after 240 min), suggesting a faster rate of cement hydration
in the superplasticizer-free sample.
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Figure 3.14 Effect of superplasticizer versus nano-Fe203 on the evolution of CPB rheological properties.
a) yield stress; b) Viscosity
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Figure 3.16 displays the EC of the PCI with the inclusion of 3% nFeO and 0.125% SP.
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3.4 Conclusion
This study experimentally examined the effect of nFeO on the rheological properties of cemented paste
backfill. Drawing on the findings, the subsequent deduction may be made:

- The addition of nFeO particles to CPB or increasing the dosage of nFeO leads to the alteration of the
flowability of the fresh CPB, by increasing its yield stress and viscosity. The mechanisms responsible for
this alteration include (i) the filler effect of nFeQ; (ii) the production of more cement hydration products
due to the enhancement of the cement hydration by nFeO; (iii) a nFeO-induced increase in water demand;
(iv) nFeO-induced enhancement of flocculation or agglomeration of the CPB.

- The magnitude of the effect of nFeO particles on the rheological properties depends on the curing time.
The nFeO-induced increase in yield stress and viscosity of CPB becomes more significant as the curing or
transportation time increases. This is because the enhancement of flocculation of the CPB due to nFeO
particles and the nFeO-induced formation of more binder hydration products increase with time.

- The intensity of the effect of nFeO on the flowability of CPB also depends on the type of binder employed
in the preparation of CPB. The yield stress of the PCI-CPB increased slower as the nFeO content increased
than that of PCI/Slag (25/75) and PCI/Slag (50/50) samples. Thus, the flowability of a PCI/Slag binder is
more altered by nFeO than that of CPB without Slag as transportation time increases. The mechanism
responsible for this behavior can be attributed to the friction effect of multivalent cations between nFeO
particles. Moreover, denser packing increases solid volume fraction, intensifying particle-particle
interactions and viscosity according to the Krieger—Dougherty model.

- The examined Slag-CPB demonstrated an increased yield stress but decreased viscosity compared to PCI-
CPB. The elevated binder content contributed to reduced yield stress and viscosity when maintaining a
constant water-cement ratio, primarily due to increased free water bleeding. Additionally, an augmentation
in the Slag proportion in the Slag-CPB resulted in decreased flowability.

- The addition of superplasticizer to CPB with nFeO can substantially improve its flow ability or
transportability due to the superplasticizer-induced increase in the electrostatic repulsion between the CPB
particles. The effect of superplasticizer is more pronounced as the nFeO content increses

Lastly, while nano-engineered cemented paste backfill is assumed to have tremendous potential, scaling up
the laboratory results and operating on a larger scale are of the utmost importance to analyze the cost-benefit
ratio.
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4 Technical Paper 2: Rheological Properties of Aluminium Oxide Nanoparticle-Modified
Cemented Paste Tailings Materials
Raouf Kaviani, Mamadou Fall

Abstract:

There are currently no researches that examine the rheological properties of Aluminium Oxide nanoparticle
(nAlO)-containing Cemented Paste Backfill (CPB) materials. Knowing the yield stress and viscosity of
CPB containing nAlO is crucial, especially when applying nano-CPB technology in subterranean mines.
The purpose of this work is to thoroughly examine how nAlO affects the rheological characteristics of CPB
and how those characteristics change over time. Yield stress and viscosity measurements are performed on
CPB samples with different compositions (e.g., nAlO content, binder type, and superplasticizer content) at
intervals of 0 min, 20 min, 1 h, 2 h, and 4 h. The investigation also involves measuring the materials' pH
and Zeta potential, microstructural studies (TG/DTG and XRD), and electrical conductivity (EC). The
findings show that adding nAlO to CPB significantly changes its rheological properties, which in turn
affects flowability. The yield stress and viscosity of CPB samples are greatly increased by the incorporation
of nAlO, with the degree of influence varying based on variables including water content, curing duration,
and type of binder. Because of the nAlO-induced microstructural changes in the CPB material, the
interaction of nAlO and a larger fraction of nAlO, along with an increase in curing time, raises rheological
characteristics and decreases paste flowability. The results of EC, DTG, and XRD, which show that binder
hydration rises with nAlO dosage, corroborate this. Furthermore, as nAlO increases, the zeta potential
decreases in magnitude, which repulsion forces and lowers flowability. However, EC, XRD, and DTG
studies indicate that the addition of 0.125 percent superplasticizer acts as a compensator for the lower
flowability caused by nAlO, as the superplasticizer causes a drop-in cement hydration rate at very high
ages. Moreover, the increase of the slag percentage from 0% to 50% and 75% of the binder content slightly
decreases viscosity, but greatly increases yield stress. The study's fresh perspectives contribute to the
advancement of nano-CPB technology and have important ramifications for the practical use of this
technology in underground mine backfill operations.

Keywords: Cemented paste backfill, Tailings, Mine, Rheology, Nano-particles, Cement, Aluminium Oxide

4.1 Introduction

In recent decades, there has been a notable increase in the usage of cemented paste backfill (CPB) material
for filling mine voids. CPB, a mixture of water, binder, and tailings, is essential for improving ground
control and establishing a secure working environment. It also makes it easier to properly dispose of mine
waste, which lowers the danger of tailings dam collapses, tailings-induced environmental contamination,
and maximizes resource recovery [1-6].

Ensuring the safety of persons and equipment in underground mining operations is contingent upon the
stability of the subterranean CPB structure. Therefore, adequate mechanical strength must be achieved via
the CPB structure. Moreover, everyone engaging in backfilling activities has the same goal of reaching
CPB design strength as soon as feasible. This early strength gain is essential for prompt measures, like
barrier opening and scheduling mining at the nearby stope, which will ultimately shorten the mining cycle
and increase overall profitability and productivity.

Nevertheless, the binder, water, and tailings—traditional CPB production ingredients—are not naturally
made to encourage a quick increase in CPB strength in the early stages of the process. Ordinary Portland
cement (OPC) is still typically the most widely utilized binder in the manufacture of CPB. In addition to
raising costs, using ordinary Portland cement (OPC) as a binding agent in CPB slows down the rate at which
the material gains strength in its early stages. Furthermore, a significant amount of greenhouse gases is
released during the manufacture of OPCs. At about 4 billion tonnes per year, the present rate of production
accounts for 7% of the world's CO» emissions [7]. The mining industry's growing focus on sustainability
makes the overuse of OPC in CPB technology incompatible with this goal.
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Supplementary cementitious materials (SCMs), most notably blast furnace slag (BFS), have been utilized
regularly to partially substitute standard OPC in CPBs due to cost concerns. The disadvantage of this
approach is that slag has a slower rate of early hydration, which causes a discernible decline in early-age
strength and the pace of strength growth in CPBs that contain slag. Despite this, the procedure helps reduce
costs and the carbon footprint associated with CPBs. Mine productivity is being challenged by this
slowdown. Because of this, the mining sector has been forced to search for other strategies to quicken the
development of CPBs' strength and lessen their carbon imprint [8-9].

One new development in CPB technology is the addition of nanoparticles, namely Aluminium Oxide
nanoparticles (nAlO), as additives. By adding Al,O3 nanoparticles to the CPB mixes while lowering the
OPC content, this novel method seeks to improve the mechanical performance and lessen the carbon
footprint of CPBs [2]. The effective use of nanoparticles in the production of high-performance concrete
with enhanced early-age strength and strength enhancement rates [10-20] is the inspiration for this
development. Recently, there has been a lot of interest in the use of nanoparticles in cement-based materials
(CBMs), such as concrete. Research has shown that adding nanoparticles can significantly improve the
mechanical characteristics of traditional mortar or concrete materials because of their chemical and physical
effects (such as filler effect and enhanced cement hydration). Especially, nano-Al,Os has been studied in
great detail when it comes to CBMs. Within the field of building materials, and specifically within the
framework of cement and concrete research, a great deal of study has demonstrated the effectiveness of
adding nano-Aluminium Oxide (nAlO) particles. These investigations have demonstrated that the addition
of these nanoparticles to the mixes of concrete or mortar can significantly improve their strength and
strength gain rate (e.g.,[21-28]). Because of its filler function, Aluminium Oxide helps to reduce porosity,
which promotes the development of a denser cementitious matrix.

Beyond the necessary emphasis on strength, the fresh material's flowability or transportability is another
crucial design factor in the context of CPB. To enable efficient pumping and delivery to mine cavities, it is
imperative to provide an appropriate flow capacity (stopes). Inadequate flow capacity can result in issues
like clogs in pipes, which can cause serious financial losses for mining companies (e.g.[10], [13], [29-32]).
Regretfully, nothing is known about the precise effect of nAlO particles on CPB's ability to flow. In order
to assess flow ability, one usually looks at the rheological characteristics of CPB, specifically looking at its
viscosity and yield stress, which indicate the material's resistance to deformation and flow initiation,
respectively [33-34].

However, a number of basic problems about the interaction between nAlO and the rheological
characteristics of CPB are still open. These include questions regarding how nAlO affects CPB yield stress,
how it affects the viscosity of fresh CPB, how these variables change during the curing and transportation
stages, how nAlO causes changes in CPB's microstructure as a result, and how these factors might interact
with superplasticizers or mineral admixtures like Slag. It is essential to close these important knowledge
gaps in order to successfully integrate and use nano-CPB technology. In order to provide important insights
into the effects of nAlO particles on CPB's rheological, microstructural, and chemical properties across
different binder types, with or without superplasticizers, over varying timeframes, this study employs a
variety of experimental methodologies, including thorough rheological tests, microstructural analyses,
chemical evaluation, and an extensive monitoring programme.

4.2 Experimental Approach

4.2.1 Specimen Preparation and Materials

4.2.1.1 Tailings

In order to ensure the reliability of the results, the study used synthetic silica tailings (ST), which are
distinguished by their non-reactive and non-acid producing features. Quartz minerals make up the majority
of ST, which is similar to the mineral makeup of natural tailings from several hard rock mines in Canada.
The grain size distribution of the medium-sized ST was comparable to that of the tailings from other mines
in eastern Canada (see Figure 4.1 and Table 4.1).
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Figure 4.1 Distribution of silica tailings (ST) grain sizes and average grain sizes of tailings from nine
Eastern Canadian mines.

Table 4.1 Physical characteristics of the tailings used.

Element Gs D10 D30 Dso D60 Ss

(pm) (pm) (pm) (pm) (cm?/g)
ST 2.7 1.9 9.0 22.5 31.5 3600
An average of 9 - 1.8 9.1 20.0 30.8 -
mines

Gs: specific gravity; Ss: specific surface area.

4.2.1.2 Binders and water

The main binder was regular PC type I (PCI), which has a specific gravity of 3.2. Furthermore, as is
customary in Canadian CPB plants, a mixture of PC and slag was used to prepare a few CPB specimens at
a 50/50 and 25/75 weight ratio, with a binder component of 4.5 percent by weight [12, 26]. Table 4.2 lists
the binders' chemical makeup and physical characteristics, which were mostly ascertained by X-ray

fluorescence (XRF). Distilled water was used to prepare all of the backfill samples, with a water-to-cement
ratio of 7.8.
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Table 4.2 Primary chemical and physical properties of the Portland cement and Slag used.

Na;O MgO ALO; SiO:; K;O CaO TiO: MnO Fe:O; Relative Specific
density  surface
area (cm?/g)
PCI 034 258 481 2038 096 6270 0.23 0.05 3.61 3.2 1300
Slag 0.28 11.78 10.60 35.57 048 3921 047 030 0.62 238 2100

4.2.1.3 Nano-Aluminium Oxide
Sourced in colloidal form from Dow Corning, Inc., nano-Aluminium Oxide (nAlO) is an amorphous Al,Os3
with a high specific surface area and purity. It is used at several concentrations—0, 1, and 3 percent by total

mass of binder materials. The chemical and physical properties of the used nAlO particles are displayed in
Table 4.3.

Table 4.3 Characteristics of the Nano-AI1203 (NA) nanoparticles used.

Nano-AlO;
Form Nanopowder
Particle size <50 nm (TEM)
Surface area >40 m?/g (BET)
Molecular Weight 101.96
Color White

Data obtained from suppliers.

4.2.1.4 Superplasticizer

A superplasticizer supplement was added to some CPB samples (0.125 percent by weight of the mixture).
The chosen superplasticizer was BASF's Master Glenium 7500 (Master G), which satisfies ASTM
requirements for high-range water-reducing admixtures [35-36].

4.2.2 Specimen Preparation

Different CPB combinations with varying amounts of nAlO were created in addition to reference (control)
samples that had no nAlO (0 percent nAlO). For five minutes, the dry materials were well blended using a
mechanical mixer while maintaining a constant water-to-binder ratio (W/B) of 7.8 and binder content of
4.5 weight percent. After adding the water and nAlO, the mixture was stirred for an additional five minutes.
The CPB was then placed into plastic cylinders measuring 10 cm in height and 5 cm in diameter; bigger
cylinders measuring 10 cm in diameter and 20 cm in height were utilized for observation. The CPB
cylinders were manually vibrated to release any trapped air, and then they were sealed and allowed to cure
at ambient temperature for predetermined amounts of time to replicate different backfill transport times.
Table 4.4 lists the mix proportions for the prepared CPBs. Additionally, a constant W/B ratio of 1 was used
to make cement paste samples for microstructure investigation. Following curing, the CPB and CP
specimens underwent a number of tests and analysis (Table 4.5).

Table 4.4 Mix composition of the specimens prepared for rheological tests.

Sample name Nano-Al203 @ Binder Binder type w/b Superplasticizer
(Y0) (Y0) (Y0)
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CPB-PCI-0%nAlO 0 4.5 PCI 7.8 0
CPB-PCI-1%nAlO 1 4.5 PCI 7.8 0
CPB-PCI-3%nAlO 3 4.5 PCI 7.8 0
CPB-PCI 1%nAlO- 1 4.5 PCI 7.8 0.125
SP
CPB-PCI 3%nAlO- 3 4.5 PCI 7.8 0.125
SP
CPB- 0 4.5 PCI/Slag 7.8 0
50%PCI1/50%Slag (50/50)°
0%nAlO
CPB- 1 4.5 PCl/ Slag 7.8 0
50%PC1/50%Slag (50/50)
1%nAlO
CPB- 3 4.5 PCI/ Slag 7.8 0
50%PC1/50%Slag (50/50)
3%nAlO
CPB- 0 4.5 PCI/Slag 7.8 0
25%PCl1/75%Slag (25/75)
0%nAlO
CPB- 1 4.5 PCI/Slag 7.8 0
25%PCI1/75%Slag (25/75)
1%nAlOCPB
CPB- 3 4.5 PCl/Slag 7.8 0
25%PCI1/75%Slag (25/75)
3%nAlOCPB

a) by the mass of the binder; b) PC/Slag (50/50) = the blend weight ratio of Portland cement to Slag

is 50/50

Table 4.5 Summary of the mix composition of the specimens prepared for XRD, TG/DTG analyses.

Sample Binde PCI Slag  SP Taili- W  Mixin Nanap Nanop Curing
Nomenclat -r in the in % ngs c -g Conte type time
-eure Conte binder the type ratio water nt (%) (hrs)
-nt % bind-
(%) er %
CPB-PCI0 - 100 0 0 none 1 DW 0 none 2
CPB-PCI1 - 100 0 0 none 1 DW 1 nAlO 2
CPB-PCI3 - 100 0 0 none 1 DW 3 nAlO 2
CPB- - 50 50 0 none 1 DW 3 nAlO 2
PClI/Slag 3
CPB-PCI - 100 0 0.125 none 1 DwW 3 nAlO 2
3-Sp

DW: distilled water; SP: superplasticizer; Nanop: nanoparticles

4.2.3 Methods of Testing and Analysis

4.2.3.1 Viscosity Test

A digital viscometer (Model DVE; Brookfield Engineering Laboratories Inc., Middleboro, MA, USA) with
an immersed spinning spindle was used to measure the viscosity of the backfill specimen. Viscosity can be
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measured instantly with this device since it uses a calibrated spring to rotate a spindle at a steady speed. A
rotary transducer's spring deflection is what determines the mixture's viscous drag [37]. See [36] for
additional information on CPB viscosity measurements with this viscometer. Samples were evaluated at
specified curing times of 0 minutes, 20 minutes, 1 hour, 2 hours, and 4 hours. To guarantee reproducibility
of results, tests were repeated twice.

4.2.3.2 Vane Shear Test

To determine the samples' yield stress, the vane shear test was used. The study used a vane device called a
Wykeham Farrance, which is made up of a four-blade vane and a motor that rotates the vane through a
calibrated torsion spring at a steady rate of 0.18 rpm. Vane shear tests were conducted in accordance with
ASTM D4648/D468M-13 standard at 0 min, 20 min, 1 h, 2 h, and 4 h post-mixing. To guarantee
homogeneity and replicate the continuous shear experienced by the CPB during transit, the sample was
physically stirred and then mixed with a spoon for one minute prior to each test. This prevented any settling
of the tailing grains owing to self-weight. After inserting the vane into the specimen's middle surface, the
device was turned on. After noting the highest torque, the yield stress associated with it was computed using
the equation (ASTM D4648 [38]):

2T,
ty = 1_H
3|24 4
D3 |3+ 3]
Equation 4.1 Where H is the vane's length, D is its diameter, Tm is the maximum torque that has been
established, and 7t is the yield stress. To guarantee the accuracy of the findings, every test was carried out

a minimum of three times.

4.2.3.3 Microstructural Analysis

For CPB specimens with and without nAlO, XRD, thermal gravimetry (TG), and differential thermal
gravimetry (DTG) investigations were conducted on CPB cement pastes to clarify the microstructural
alterations. After four days of drying at 45 °C to eliminate any remaining water, cement paste specimens
were ground into a powder. XRD and TG/DTG tests were used to ascertain the hydration products' phase
composition. Using a thermal analyzer (TGA Q5000 V3.15 Build 263), TG/DTG analysis was carried out
by heating the specimens at a rate of 10 °C/min from 0 to 1000 °C in a nitrogen environment. A Rigaku
Ultima-IV diffractometer, running at 40 kV and 44 mA, was used to do the XRD analysis. It was
programmed to scan at a rate of 0.5°/min with an increment of 0.02 from 2° to 80° of the 260 range.

4.2.3.4 pH and Zeta Potential (ZP) Measurements

With an accuracy of £0.003, the pH values of the backfill specimens were ascertained using Metrohm 704.
For the purpose of validating the results, each measurement was made at least twice, and the average values
were noted. The Zetasizer Nano series was used to perform zeta potential measurements, which offer
insights into particle-particle interactions at the microscale [10]. The phase analysis light scattering method
was utilized to quantify the electrophoretic mobility of particles in suspension (PALS). The Henry Equation
was used to calculate ZP [39]. Distilled water was used to prepare the specimens, and for reproducibility,
each ZP measurement was performed five times.

4.2.3.5 Electrical Conductivity Monitoring

An EC sensor (5TE electrical conductivity) from Decagon Devices, Inc. was utilized to obtain additional
understanding of the cement or binder reaction processes influencing the rheological characteristics of CPB
with different nAlO levels. By putting an alternating current between two electrodes and measuring the
resistance between them, the sensor—which was placed in the centre of each specimen—measured the
electrical conductivity of the backfill specimens. Data from the sensor was gathered using a data recorder.
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4.3 Results and Discussion
4.3.1 Influence of Nano-Aluminium Oxide (nAlO) on the rheological properties of CPB made of
Portland cement
Figure 4.2 shows how nAlO affects the time-dependent alterations in the yield stress and viscosity of CPB
with 100% Portland cement acting as the binder. This figure shows that the yield stress and viscosity of the
backfill grow with curing time, regardless of the amount of nanoparticles present. This behaviour results
from the way cement hydration changes with time. As the hydration reaction progresses, more cement
hydration products, such as C-S-H, ettringite, and CH, are produced [40—41]. This increases the material's
yield stresses and inter-frictional resistance by encouraging the aggregation of particles and the formation
of more cohesive structures [10, 12]. Furthermore, the size of hydration products also increases in tandem
with the increasing degree of cement hydration [13, 40, 42]. As a result, the viscosity of CPB samples
increases gradually as the solid volume percentage grows steadily [16, 41, 43]. In addition, the process of
cement hydration uses up free water, which causes the water film around the particles to get thinner. A
progressive increase in yield stress is directly related to this decrease in water content. It is evident that this
drop in water content is correlated with an increase in the CPB's solid volume portion. Increased solid
volume fractions lead to increased particle-particle interactions, which in turn raise the apparent viscosities
of fresh CPB samples [13], [17].
The assertion that longer curing times lead to the production of more cement hydration products is supported
by experimental results from thermal analyses (TG/DTG), as shown by Figure 4.3's representation of
TG/DTG studies conducted on cement pastes cured for 60 and 240 minutes. Three separate endothermic
peaks, or weight losses, may be seen in this image for temperature ranges of 50-200°C, 400-450°C, and
600-700°C. The principal causes of the weight loss between 50 and 200°C are the dehydration of hydration
products such as gypsum, C-S-H, carboaluminates, and ettringite, as well as the evaporation of bound water.
The breakdown of calcite (CaCO3) is responsible for the peak between 600 and 700°C, while the
dehydroxylation of CH is primarily responsible for the peak between 400 and 450°C ([44-48]). Figure 4.3
clearly shows that the specimen cured for 60 minutes has a lower peak in temperature ranges of 50-200°C
and 400-450°C than the cement paste cured for 240 minutes. This data suggests that the CPB samples with
extended curing times produced more hydration products.
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Figure 4.2 Effect of nano-A1203 (nAlO) content on the evolution of the rheological properties of CPB with
Portland cement: a) yield stress, b) viscosity
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Figure 4.3 TG/DTG analysis results of cement paste samples without nAlO and cured for 60 min. and 240
min.

Furthermore, Figure 4.2 shows that the inclusion of nanoparticles significantly altered CPB's flow ability.
Regardless of the testing age, it demonstrates a significant increase in backfill yield stress and viscosity
with the addition of nAlO. The yield stress of the specimen containing 3 percent nAlO, for example, was
3071 Pa, 301 Pa, 449 Pa, 480 Pa, and 720 Pa at 0 min, 20 min, 1 h, 2 h, and 4 h, respectively. This represents
an increase of approximately 26 percent, 30 percent, 35 percent, 32 percent, and 32 percent compared to
the 0 percent nanoparticle sample. In comparison to the 0 percent nanoparticle samples at 0 min, 20 min, 1
h, 2 h, and 4 h, respectively, the yield stress of samples containing 1 percent nAlO increased by roughly 26
percent, 5 percent, 27 percent, 32 percent, and 25 percent. Furthermore, compared to the control sample,
the addition of 1 percent and 3 percent nAlO increased the viscosity at 4 hours by 31 percent and 43 percent,
respectively. Moreover, the addition of 3 percent nAlO had a stronger effect on CPB viscosity at 0 hours
and 20 minutes compared to 1 percent. A number of variables working together can be responsible for the
flowability loss observed in the presence of nAlO, as evidenced by higher yield stress and viscosity. The
filler effect that nanoparticles exert, the enhancement of cement hydration caused by nAlO, the increased
water demand brought on by the presence of nanoparticles, and the greater flocculation or agglomeration
of the paste as a result of nAlO particles are some of these factors [40, 49, 50-56]. Below is a more detailed

review of these factors that together cause the changed rheological properties of CPB in the presence of
nAlO.

¢ nAlO filler effect: It is well known that nanoparticles are effective to partially fill the empty spaces
in a cementitious material, which causes the microstructure to become denser [42]. This finally
increases the yield stress and viscosity of the backfill material by increasing the frictional resistance
between the particles and the solid volume fraction in the CPB material [18], [40].

¢ Enhancement of the cement hydration by nAlO: The extremely small dimensions of nAlO particles
provide an extensive number of nucleation sites, helping the formation of numerous hydration
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products, notably C-S-H. These nucleation sites play an essential role in enhancing and intensifying
the hydration process of essential cement compounds. The sample containing nAlO has a greater
amount of hydration products, according to the XRD data. For instance, the sample containing nAlO
has a greater CH intensity than the one containing no nAlO. In fact, the sample with nanoparticles
(nAlO) had a greater CH intensity at 18 and 34 degrees 2-theta than the sample without nAlO. This
observation highlights the effect of nAlO on cement hydration by implying a higher production of CH
in specimens with that addition. This conclusion about the inclusion of nAlO particles producing
additional hydration products is also consistent with the findings of TG/DTG studies performed on
cement pastes that were 2 hours old and had varying nAlO concentrations (0 percent, 1 percent, and 3
percent), as shown in Figure 4.5. According to these findings, the cement paste that has been treated
with nAlO shows the strongest endothermic peaks and weight loss between 100° and 180°C. These
indicators point to a higher yield stress and viscosity level due to an enhanced production of hydration
products. The congruence with the EC monitoring results of CPB samples with different percentages
of nAlO shown in Figure 4.6 lends more credence to this alignment. This graph shows that the curves
initially show increasing tendencies, which can be attributed to the cement's breakdown phase.
Aluminate, potassium, calcium Aluminium Oxide ions, and other types of ions were released when
water was added to the cement, causing the cement's ions to dissolve. The paste's electrical
conductivity was improved by these liberated and mobile ions [57-58]. CH, C-S-H, and ettringite were
among the hydrates that filled the capillary holes as another hydration reaction occurred. As a result,
EC decreased as a result of the decline in ion mobility and concentration [59]. As shown in Figure
4.6, the EC for the nAlO-containing samples was higher than that of the nAlO-free samples during the
early stage (up to 2 hours or 120 min). Furthermore, the addition of nAlIO resulted in a noticeable shift
of the EC peaks to shorter hydration periods, indicating faster hydration reaction rates. In fact, the
specimens containing 3 percent, 1 percent, and 0 percent nAlO had conductivity peaks at 3.5h (210
min), 3h (180 min), and 2.6h (160) min, respectively. This early-stage fast acceleration of cement
hydration is consistent with yield stress and viscosity observations shown in Figure 4.2.
nAlO-induced increase in water demand: The water requirement of the CPB mixture to attain
appropriate flowability was directly impacted by the addition of nAlO to the CPB. The well-
established fact is that nanoparticles raise the need for water [60—-61]. Because of the nanoparticles'
large surface area (>40 m2/g), which adsorbs free water on their surface, there is a higher water
demand when they are present. Greater surface area to be wetted results from finer particles. As a
result, more water is needed to keep the CPB's workability or flowability at a respectable level [62].
Enhanced flocculation or agglomeration of the paste owing to nAlO particles: The tendency for
flocculation or agglomeration after adding nAlO particles is consistent with the results of zeta potential
(ZP) measurements made on the CPBs with different concentrations of nAlO particles (Figure 4.7).
Higher ZP magnitudes are linked to stronger electrostatic repulsion between charged particles, which
leads to improved dispersion. ZP determination is a technique used to evaluate the surface charge and
potential stability of suspended particles. The electrostatic surface charge, or ZP, determines how much
repulsion or attraction there is between colloidal particles [57]. As a result, ZP may be used to identify
the nAlO particle dispersal process in the alkaline Portland cement paste environment (Figure 4.7).
The pH trend over time for PCI-CPB samples containing 0 percent and 3 percent nAlO is shown in
Figure 4.8. In all CPB samples, the creation of Ca(OH) as a result of cement hydration creates an
alkaline state (high pH). The pH values of the specimens containing 0 percent and 3 percent nAlO
were 12.79 and 12.97, respectively, following a 25-minute curing period. Moreover, pH levels rose to
13.03 and 13.08 for samples containing 0 percent and 3 percent nAlO, respectively, after two hours of
ageing. Figure 4.8 shows that the pH of CPB with 3 percent nAlO is higher than the pH of CPB without
nAlO. This is consistent with the theory that nAlO particles improve cement compound hydration,
which releases more alkali ions into CPB pore water and raises pH. The ZP measurement findings for
CPB with 100% PCI, including 1% and 3% nAlO, are shown in Figure 4.7 beside the control sample.
When the nAlO % rises, the ZP of the CPB falls, suggesting that there is a stronger electronic double-
layer repulsive force when nAlO is absent. Altered rheology and increased water demand are caused
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by reduced repulsion and low ZP, which is congruent with the outcomes of yield stress and viscosity,
as was previously discussed [14].

Ettringite CH CaCO3 CSH CH Ettringite CPB-PCI-0%nAlO

¢ ~— CPB-PCI-1%nAlO
CPB-PCI-3%nAIO
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Figure 4.4 XRD results of cement paste of PCI-CPB with 0,1 and 3 percentage of nAlO inclusion after 2 h.
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4.3.2 Influence of Nano-Aluminium Oxide (nAlO) on the rheological properties of CPB with Slag
Cement and mineral mixtures, like slag, have been combined and used extensively in cemented backfill in
recent years. CPB is less expensive and more durable when blended cement is used [41]. Furthermore,
using slag—a low-carbon binder—helps a mine lower its carbon footprint, supporting sustainable mining
practices and the handling of mine waste. Therefore, additional testing was done to evaluate the rheological
properties of backfill in which slag was used in place of some of the Portland cement. Three different
replacement scenarios were investigated: a replacement of 0% represented as PCI, a replacement of 50%
represented as PCI/Slags (50/50), and a replacement of 75% represented as PCI/Slags (25/75).

Following a 2-hour curing period, Figure 4.9 shows the effects of different nAlO percentages on the yield
stress (Figure 4.9a) and viscosity (Figure 4.9b) of backfill samples with PCI, PCI/Slag (50/50), and
PCI/Slag (25/75). A consistent tendency can be seen in the data: independent of the binder used, yield stress
and viscosity demonstrate an ascending trend with increasing nAlO content and curing time across all
sample types—PCI, PCl/Slag (50/50), and PCI/Slag (25/75). The section that came before this one
explained the underlying mechanims that cause this behaviour. Specifically, figure 4.9a shows that samples
incorporating Slag consistently show higher yield stress than ones containing PC alone, whether or not
nanoparticles are present. Additionally, there is a positive association between the yield stress and the
amount of slag in the mixture. For example, during a 2-hour ageing period without nAlQO, the yield stress
values for samples with 100 percent PCI, PCI/Slag (50/50), and PCI/Slag (25/75) were 325, 423, and 683
Pa, respectively. Changes in inter-particle forces resulting from the partial substitution of PCI with Slag can
explain the increased yield stress found in samples containing PCI/Slag. Van der Waals attraction and
electrostatic repelling forces affect a suspension's coagulation and dispersion behaviour. Aggregates arise
when attraction is the primary particle contact, increasing yield stress. Zeta potential analysis results for
fresh CPB samples with different PCI-to-Slag replacement ratios (excluding nAlO) are shown in Figure
4.13. Significantly, the Slag-CPB sample (25 mV for PCI/Slag (50/50), 20 mV for PCI/Slag (25/75)) has a
lower absolute value of zeta potential than the 100 percent PCI-CPB sample (50 mV), suggesting a weaker
electric double layer repulsive force in the former. On the other hand, the Slag-particles CPB's are more
appealing, which raises the yield stress. Furthermore, the lower zeta potential in Slag-CPB, consistent with
DLVO theory, implies the possible creation of a "secondary minimum," which is typified by a weaker and
perhaps reversible adhesion between particles. In order for the vane blade to create flow in the suspension,
more external force must be provided in order for these weak flocs to maintain their stability during
Brownian motion [19-20].

Furthermore, it is clear from Figure 4.9b that, whether or not nanoparticles are present, the viscosity of the
CPB shows a different pattern from the yield stress with the introduction of Slag into the binder system.
Stated differently, the viscosity of the backfill samples is decreased upon the addition of slag as a partial
replacement for PC. There are two fundamental reasons that explain why 100% PCI-CPB has a higher
viscosity than Slag-CPBs. First off, cement hydrates more quickly than slag does in the early stages. This
causes more hydration products to form, like CH, ettringite, and C-S-H gel, which effectively bonds the
tailing particles together and raises the solid volume fraction and particle cohesion, both of which raise
viscosity. Second, less hydration product production in the Slag-CPB suggests a smaller C-S-H gel specific
surface area, which reduces water adsorption and leaves more free water in the Slag-CPB. Particles are
encased and lubricated by a water film created by this surplus free water [33]. The case for the higher
hydration product production in 100% PCI-CPB samples is experimentally supported by the findings of
thermal analysis (TG/DTG) tests, which are used to determine the cement's phase stability and the amount
of hydrates that are present. The TG/DTG and XRD diagrams for cement paste (CP) specimens containing
Slag/PCI-CP and PCI-CP are shown in Figures 4.11 and 10. The TG/DTG curves for different CP
combinations show that when the binder was made entirely of PCI, there was a noticeable increase in the
presence of hydration products. Although this increased quantity is better for CPB hardening, it changes
the flow capacity since C-S-H is the primary binding agent in cement-based products [11]. The results of
monitoring the EC of CPB with 100% PCI and with a mixture of PCI cement and slag (50/50), shown in
Figure 4.12, experimentally validate the production of a higher number of cement hydration products in
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samples containing 100% PCI. This figure demonstrates that the sample with 100% PCI reached its
maximum EC earlier than the sample with a cement blend, suggesting that the binder hydrated more quickly
in the former scenario.

It is also clear from Figure 4.9 that adding nAlO raised the yield stress of all CPBs, regardless of the type
of binder. Nevertheless, compared to PCI/Slag (50/50) and PCI-CPB samples, the yield stress of PCI/Slag
(25/75) increased greater with increasing nAlO concentration. In fact, after two hours, the samples with
PCI/Slag (25/75) had the highest yield stress at 3 percent nAlO. (1064.27 Pa). The following interpretation
can be made of this significant yield stress. First, when water is added to the mixture (pre-induction time),
some of the cement's ingredients, like gypsum and aluminate (C3A), dissolve and the solid concentration
goes down a little [63—64]. Second, the Slag/PCI blended binder's early-age hydration processes progress
more slowly than PCI alone's, resulting in fewer hydration products and yield stress in the Slag-CPB
mixture that is regulated by the first inter-particle forces [12]. Electrical conductivity monitoring studies,
which show higher values in samples with higher Portland cement concentration, corroborate this slower
hydration rate (Figure 4.12). On the other hand, delayed peak electrical conductivity is seen in CPBs with
Slag/PCI blended binder, which suggests slower early-age hydration processes [65-66]. (Figure 4.12).
Because Portland cement hydration reduces the alkaline activating environment, the reactivity of CPB
samples falls as the Slag replacement % rises. Third, the mixture's negative zeta potential is raised by the
consumption of calcium hydroxide (CH) via Slag activation, improving flowability and repulsive force [67—
68]. Furthermore, increased yield stress and viscosity of Slag-CPB are caused by increasing the amount of
slag in the blended binder [65, 69]. This is explained by the fact that slag particles have small particle sizes,
which produce a filler effect that fills in gaps between cement particles and tailings grains, causing the
backfill matrix to pack more densely [12, 15]. Denser packing raises the friction coefficient between the
particles, raising the yield stress. Furthermore, according to the Krieger-Dougherty model [63], denser
packing raises the solid volume percentage and intensifies particle-particle interactions and viscosity.
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Figure 4.9 Effect of Slag and nano-AI203 and binder type on the rheological properties of 2 hr old CPB.
a) yield stress; b) Viscosity
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2 h.
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4.3.3 Impact of superplasticizer on the rheological properties of CPB with nAlO

The results of the previous analysis and presentation show that the addition of nAlO particles has a negative
impact on the flow properties of CPB. This could pose a risk to the efficient transportation of newly
modified CPBs containing nAlO particles in real-world scenarios. Therefore, a relevant question is raised:
is it possible to significantly enhance the flow characteristics of CPB that contains nAlO by adding a
superplasticizer? As a result, research was done to find out how superplasticizer affected the rheological
characteristics of CPB with nAlO.

In Figure 4.14, the effects of a superplasticizer (at 0.125 percent by weight of the mixture) are shown for
CPB aged 0, 20 minutes, 1 hour, 2 hours, and 4 hours with varying concentrations of nAlO on the yield
stress (Figure 4.14a) and viscosity (Figure 4.14b). This figure demonstrates that, independent of the
nanoparticle content, adding a superplasticizer to CPB containing nAlO particles significantly improved
the CPB's flow ability. For instance, after 4 hours of age, specimens with 3 percent and 1 percent nAlO in
the presence of superplasticizer shown a reduction in yield stress of 53% and 54%, respectively. In line with
this, the samples' viscosity also drops. Furthermore, Figure 4.14a shows that the CPB samples with higher
nAlO content shown a more considerable effect of the superplasticizer on the yield stress. This result
indicates that improving the flow ability of CPB with a greater nAlO percentage requires the use of a
superplasticizer even more. It goes without saying that improving CPB's flow ability with superplasticizer
will increase pumping efficiency and lower energy and operating expenses related to pumping the
subterranean nAlO-CPB material.

A combination of two important elements can be responsible for the reduction in yield stress and viscosity
that occurs when a superplasticizer is added. First, higher-range water-reducing admixtures' dispersing
impact is the source of it (WRAs). Two different mechanisms of repulsion between cement particles are
introduced by superplasticizers derived from carboxylic compounds, like Master Glenium: a) electrostatic
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repulsion due to the negative charges of the carboxylic group, and b) steric repulsion due to the long polymer
chains in the compound [36, 66, 72-73]. Second, the superplasticizer helps to delay the very early phases
of cement hydration. Less hydration by-products are created when the repulsive force between the cement
particles increases, which lowers the CPB's solid content and viscosity. TG/DTG diagrams of cement paste
samples cured for two hours at different superplasticizer amounts, as shown in Figure 4.15, corroborate this
conclusion. The diagrams show that in the cement paste without superplasticizer, more hydration products
are formed. More specifically, the sample with 0 percent superplasticizer shows the first peak at about 100—
200°C, which indicates the greatest weight loss. The development of products like gypsum, ettringite, and
calcium-silicate-hydrate (C-S-H) is shown by the first peak ([47], [70-72]). Significantly fewer solid
products are generated during the hydration process in the presence of the superplasticizer, according to the
smaller peak shown in the TG/DTG data (Figure 4.15) of the cement paste sample. Furthermore, the
findings of the EC monitoring shown in Figure 4.16 corroborate the claim that the superplasticizer slows
down the hydration reaction. Higher ion mobility in the paste without the admixture is indicated by the
electrical conductivity of the cement paste containing 0.125 percent superplasticizer being noticeably lower
than that of the paste containing 0 percent superplasticizer. Furthermore, the superplasticizer-free sample
exhibits a faster rate of cement hydration than the superplasticizer-containing sample, peaking at 210
minutes compared to 240 minutes for the latter.

79



800 -

—4— CPB-PCI-1%nAlO
200 —o—CPB-PCI-3%nAlO
i CPB-PCI-1%nAl0-0.125%SP
CPB-PCI-3%nAl0-0.125%SP
600
&
= 500
(%]
g
o 400
()
e
[%]
@ 300
=
200
100
0 T T T T 1
0 60 120 180 240
Time (min)
a) Yield stress
12 -
—A— CPB-PCI-1%nAIO
10 4 —*—CPB-PCI-3%nAlO

Viscosity (Pa.s)
(e)]

0 T T T 1
0 60 120 180 240

Time (min)

b) Viscosity

80



Figure 4.14 Effect of superplasticizer versus nano-AI[203 on the evolution of CPB rheological properties.
a) yield stress; b) Viscosity
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Figure 4.15 TG/DTG results of cement paste of PCI and PCI with the inclusion of 3% nAlO and 0.125%
SP samples after 2 h.

81



5.0

CPB-PCI-3%nAlO
4.5 A CPB-PCI-3%nAIl0-0.125%SP
=
>
§4.0 .
@)
(NN}
3.5 -
3.0 T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000
Time (min)

Figure 4.16 displays the EC of the PCI with the inclusion of 3% nAlO and 0.125% SP.

44 Conclusion
The impact of nAlO on the rheological characteristics of cemented paste backfill was investigated
experimentally in this work. Based on the results, the following inference can be drawn:

- By raising the yield stress and viscosity of fresh CPB, adding nAlO particles or changing the dosage of
nAlO changes the fresh CPB's flowability. This alteration is attributed to several mechanisms: (i) the filler
effect of nAlO; (ii) the production of more cement hydration products as a result of nAlO's enhancement of
cement hydration; (iii) an increase in water demand caused by nAlO; and (iv) nAlO's enhancement of
flocculation or agglomeration of the CPB particles.

- The curing duration affects how much the nAlO particles affect the rheological properties. As the curing
or CPB transport time rises, the nAlO-induced increase in yield stress and viscosity of CPB becomes more
noticeable. This is because the nAlO-induced creation of additional binder hydration products and the
improvement of CPB flocculation due to nAlO particles both increase over time.

- The type of binder used to prepare CPB affects how much of an impact nAlO has on the flowability of the
material. As the nAlO content rose, the PCl-yield CPB's yield stress grew more slowly than that of the
PClI/Slag (25/75) and PCI/Slag (50/50) samples. Therefore, as transportation time grows, nAlO affects a
PClI/Slag binder's flowability more than it does a CPB without Slag. The friction effect of multivalent
cations between nAlO particles is the mechanism that causes this behaviour. Furthermore, the Krieger-
Dougherty model states that denser packing raises the solid volume fraction and intensifies particle-particle
interactions and viscosity.

- In comparison to PCI-CPB, the Slag-CPB under examination showed a lower viscosity and an enhanced
yield stress. Due mainly to enhanced free water bleeding, the elevated binder concentration decreased yield
stress and viscosity while keeping the water-cement ratio unchanged. Furthermore, flowability was reduced
by an increase in the Slag fraction in the Slag-CPB.
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- Because superplasticizer increases the electrostatic repulsion between CPB particles, adding it to CPB
with nAlO can significantly increase the material's flow ability or transportability. As the nAlO level rises,
the superplasticizer's action becomes more noticeable.

Finally, even though it is anticipated that nano-engineered cemented paste backfill would have enormous
potential, it is crucial to scale up laboratory testing and conduct larger-scale operations in order to properly

assess the cost-benefit ratio.
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5 Chapter 5. Synthesis of the Results, Conclusions and Recommendations for Future
Research
5.1  Synthesis of the Results
This research evaluates the effect of various dosages of nanoparticles, specifically nano-iron oxide (nFeO)
and nano-aluminium oxide (nAlO), on the time-dependent evolution of the rheological properties (yield
stress and viscosity) of CPB. These properties are critical for controlling the flowability of CPB in practical
applications. The study considers CPB made with different types of binders, including Portland cement
(PC) alone and PC blended with slag, both with and without the addition of superplasticizers. Table 5.1
provides a detailed summary of the experimental tests performed, as described in Technical Paper 1
(Chapter 3) and Technical Paper 2 (Chapter 4). This chapter synthesizes the findings from the experimental
investigations conducted throughout this Master’s research, highlighting the impact of these nanoparticles
on the rheological properties of CPB. The incorporation of nano-additives, such as nFeO and nAlO,
significantly increases the rheological properties of CPB. Notably, the incorporation of these nano-additives
increases both the viscosity and yield stress of CPB. However, the addition of superplasticizers
counterbalances the nanoparticle-induced increase in these properties, thereby improving the flow ability
of the CPB with these nanoparticles.

Table 5.1 Summary of laboratory tests.

Nano- Binder - W/C | Binder [Superpla- Curing
Chapter particle blends Tests Tailings ratio [Content | sticizer Water time
PCI Rheology
PCI/ nFeO |(Yield stress)
PCl/ Slag
3 | Fe0s | pCI/ Slag/ (gheOIng)
nFeO 1SCOsity
PCI/ nFeO/
SP pH & Zeta - 23l as 0125 |Distille-[0,0.33,1,
PCI Potential ' ' ' dwater | 2, 4 (hrs)
PCI/nAlO | Monitoring
Tests (EC,
A ALO PCI/Slag Temp)
21 per Slag/ [Microstructural
nAlO Analyses
PCI/nAlO/ | (TG/DTG,
SP XRD)

TG/DTG: Thermogravimetric/Differential Thermogravimetric Analysis; EC: Electrical Conductivity;
Temp: Temperature
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The comparative presentation of rheological property results (yield stress, viscosity) for CPB with nFeO
and CPB with nAlQ is given in Table 5.2. The main observations and conclusions are summarized below.
nFeO Impact: The presence of nFeO consistently increased both viscosity and yield stress across the time
intervals. For example, at 240 minutes, the viscosity of CPB with 3% nFeO rose to 9.20 Pa.s from 7.55 Pa.s
in the control, and yield stress increased to 635.36 Pa from 488.03 Pa.

nAlO Impact: Similar trends were observed with nAlO; however, the increases were even more
pronounced. At 240 minutes, CPB with 3% nAlO reached a viscosity of 10.77 Pa.s and a yield stress of
720.34 Pa, indicating a stronger influence of nAlO on these properties compared to nFeO.

The results clearly show that both types of nanoparticles increase the viscosity and yield stress, with nAlO
having a slightly more substantial impact. This suggests that nAlO may have a more detrimental effect on
the flow ability of the CPB.

This alteration in the flowability of nano-CPB is attributed to several mechanisms: (i) the filler effect of
nanoparticles (NPs), nAlO or nFeO; (ii) the production of more cement hydration products due to enhanced
cement hydration by NPs; (iii) an increase in water demand caused by NPs; and (iv) enhanced flocculation
or agglomeration of CPB particles by NPs.

Table 5.2 Comparison Table of CPB Samples with Different Additives and Conditions

Description Time | Viscosity | Viscosity | % Vane Vane %
(min) | nFeO nAlO Difference | Shear Shear | Difference
(Pa.s) (Pa.s) in nFeO nAlO in Vane
Viscosity | (Pa) (Pa) Shear
CPB-PCI-1% 0 2.10 2.52 +20.0% 241.83 290.20 | +20.0%
20 2.84 2.95 +3.9% 255.66 209.84 | -17.9%
60 3.20 3.84 +20.0% 335.36 402.43 | +20.0%
120 4.93 591 +19.9% 398.24 477.89 | +20.0%
240 8.23 9.87 +20.0% 544.16 652.99 | +20.0%
CPB-PCI-3% 0 2.20 2.64 +20.0% 255.92 307.10 | +20.0%
20 3.21 3.61 +12.5% 278.90 301.41 | +8.1%
60 3.22 3.87 +20.2% 360.17 449.20 | +24.7%
120 5.50 6.12 +11.3% 420.19 480.23 | +14.3%
240 9.20 10.77 +17.1% 635.36 720.34 | +13.4%
CPB-PCI-1%- 0 0.96 1.15 +19.8% 109.92 131.91 | +20.0%
0.125%SP 20 1.11 1.33 +19.8% 111.37 133.64 | +20.0%
60 1.34 1.61 +20.1% 148.41 178.09 | +20.0%
120 2.24 2.69 +20.1% 164.90 197.88 | +20.0%
240 3.74 4.49 +20.1% 247.34 296.81 | +20.0%
CPB-PCI-3%- 0 1.02 1.22 +19.6% 116.33 139.59 | +20.0%
0.125%SP 20 1.33 1.60 +20.3% 174.98 148.43 | -15.2%
60 1.78 1.76 -1.1% 183.71 196.46 | +6.9%
120 2.44 2.93 +20.1% 198.00 237.60 | +20.0%
240 4.08 4.90 +20.1% 272.86 32743 | +20.0%
CPB- 0 2.01 2.41 +19.9% 215.25 258.30 | +20.0%
50%PCI/50%Slag- | 20 1.74 2.50 +43.7% 260.89 369.83 | +41.7%
1% 60 2.69 3.22 +19.7% 350.47 401.23 | +14.5%
120 4.48 5.37 +19.9% 471.60 565.92 | +20.0%
CPB- 0 2.19 2.63 +20.1% 220.36 264.43 | +20.0%
50%PC1/50%Slag- | 20 2.22 2.62 +18.0% 280.12 362.32 | +29.3%
3% 60 2.93 3.52 +20.1% 350.78 420.94 | +20.0%
120 5.02 5.96 +18.7% 578.12 624.29 | +8.0%
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CPB- 0 2.30 2.76 +20.0% 330.66 396.79 | +20.0%
25%PCI1/75%Slag- | 20 1.99 2.61 +31.2% 460.51 632.43 | +37.3%
1% 60 2.76 3.63 +31.5% 560.91 673.09 | +20.0%

120 4.60 5.53 +20.2% 781.32 937.58 | +20.0%
CPB- 0 2.34 2.81 +20.1% 401.36 481.63 | +20.0%
25%PCI/75%Slag- | 20 2.05 2.71 +32.2% 508.78 610.54 | +20.0%
3% 60 3.01 3.62 +20.3% 589.35 738.83 | +25.4%

120 5.21 6.12 +17.5% 912.36 1064.27 | +16.7%

5.2 Conclusions:

This study experimentally investigated the impact of nanoparticles (NP), specifically nano-iron oxide
(nFeO) and nano-aluminium oxide (nAlO), on the rheological properties of cemented paste backfill (CPB).
The key conclusions derived from the findings are as follows:

53

Adding nFeO or nAlO particles to CPB, or increasing their dosage, alters the flowability of the
fresh CPB by raising its yield stress and viscosity. The mechanisms responsible for this change
include (i) the filler effect of nFeO or nAlO; (ii) the generation of more cement hydration products
due to the enhanced cement hydration facilitated by nFeO or nAlQO; (iii) an increase in water
demand induced by nFeO or nAlQO; (iv) enhanced flocculation or agglomeration of the CPB due to
nFeO or nAlO.

The extent of the effect of nFeO or nAlO particles on the rheological properties depends on the
curing time. The increase in yield stress and viscosity of CPB caused by nFeO or nAlO becomes
more pronounced with longer curing or transportation times. This is due to the greater enhancement
of flocculation and the formation of additional binder hydration products over time induced by
nFeO or nAlO particles.

The impact of nFeO or nAlO on the flowability of CPB also varies based on the type of binder
used. The yield stress of PCI-CPB increased more slowly with higher NP content compared to
PClI/Slag (25/75) and PCI/Slag (50/50) samples. Consequently, the flowability of a PCI/Slag binder
is more affected by NP than that of CPB without Slag as transportation time increases. This
behavior can be attributed to the friction effect of multivalent cations between NP particles.
Additionally, denser packing increases the solid volume fraction, intensifying particle-particle
interactions and viscosity according to the Krieger—Dougherty model.

The examined Slag-CPB showed increased yield stress, but decreased viscosity compared to PCI-
CPB. The higher binder content contributed to reduced yield stress and viscosity when maintaining
a constant water-cement ratio, primarily due to increased free water bleeding. Furthermore, an
increase in the Slag proportion in the Slag-CPB resulted in decreased flowability.

Adding a superplasticizer to CPB with nFeO or nAlO can significantly improve its flowability or
transportability due to the superplasticizer-induced increase in electrostatic repulsion between the
CPB particles. The effect of the superplasticizer is more pronounced as the nFeO or nAlO content
increases.

Recommendations for Future Studies

While this work provides new insights and understanding into the fresh properties of CPB with nFeO or
nAlO, further investigation is still necessary. Based on the findings of this research, the following
recommendations are proposed for future studies on CPB with nano-iron oxide (nFeO) and nano-aluminium
oxide (nAlO):

Future research should focus on evaluating the long-term mechanical properties, stability, and
environmental impacts of CPB containing nFeO or nAlO to fully integrate these advancements into
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practical applications. This includes examining long-term strength development, leachability,
environmental impact, and interactions with naturally occurring conditions at underground mine
sites. Additionally, the development of nano-CPB formulations that can perform under varying
thermal, mechanical, chemical and hydraulic conditions suggest a need for a tailored approach to
CPB design that considers local geomechanical, hydraulic and climatic conditions.

Developing a modeling tool to optimize the dosage of slag, superplasticizer, binder, and
nanoparticles (nFeO or nAlO) would be beneficial. This would help minimize the drawbacks of
each component and provide an optimal binder that enhances the rheological and mechanical
properties of the nano-CPB mix.

The durability of nFeO-CPB and nAlO-CPB in aggressive chemical environments, such as those
involving sulfate attacks, requires further investigation to understand the long-term performance of
nanoparticles in these scenarios.

Comprehensive studies aimed at analyzing the cost-benefit and carbon footprint of integrating
nFeO-CPB or nAlO into CPB preparations are recommended.

It would be advantageous for future studies to develop coupled Thermal, Hydraulic, Mechanical,
and Chemical (THMC) models for CPB structures with nFeO or nAlO. These models will lead to
the development of simulation tools that can design and predict the geotechnical performance of
nano-CPB structures in various field scenarios.
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