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Abstract: There is currently no research examining the rheological properties of cemen-
titious paste backfill (CPB) materials containing aluminium oxide nanoparticles (nAlO).
Knowing the yield stress and viscosity of CPB containing nAlO is crucial, especially when
applying nano-CPB technology in underground 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 per-
formed 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 study also in-
cludes measurements of the pH and zeta potential of the materials, microstructural studies
(TG/DTG and XRD), and electrical conductivity (EC). The findings show that adding nAIO
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 improves with nAlO
dosage, corroborate this. Moreover, as nAlO content increases, the zeta potential decreases
in magnitude, resulting in stronger repulsion forces and reduced flowability. However, EC,
XRD, and DTG analyses suggest that the addition of 0.125% superplasticizer counteracts the
flowability reduction caused by nAlQO, as the superplasticizer slows down the cement hy-
dration rate at very early curing stages. Moreover, the increase in 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; nanoparticles; cement;
aluminium oxide

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 and tailings-induced environmental contamination and maximises resource
recovery [1-6].
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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 barricade opening
and scheduling mining at the nearby stope, which will ultimately shorten the mining cycle
and increase overall profitability and productivity [7-13].

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 utilised
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.

Supplementary cementitious materials (SCMs), most notably blast furnace slag (BFS),
have been utilised regularly to partially substitute standard OPC in CPBs due to cost con-
cerns. 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.
In response, silica fume (SF), a highly reactive pozzolanic material widely used in con-
ventional cementitious systems [11], has been proposed as a partial OPC replacement in
CPBs to enhance mechanical properties and durability [3]. However, its incorporation
significantly impacts rheology by increasing initial yield stress and structural buildup
over resting time due to its ultrafine particle size and high surface area [3]. Structural
buildup, or the gradual increase in static yield stress over resting time, is critical for CPB
transportability and placement in underground mines. A higher structural buildup rate can
enhance early strength gain but may also increase pipeline pressure requirements during
pumping. Increased yield stress and viscosity can make CPB pumping and placement
more challenging, potentially leading to pipeline blockages with substantial financial con-
sequences. As a result, the mining industry continues to explore alternative strategies to
accelerate CPB strength development while minimizing its environmental impact. As a
result, the mining industry continues to explore alternative strategies to accelerate CPB
strength development while minimising its carbon imprint impact [8,9].

One new development in CPB technology is the addition of nanoparticles, namely
Aluminium Oxide nanoparticles (nAlO), as additives. By adding Al,Os 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 [14-20] 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).
In particular, nano-Al,O3 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
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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., refs. [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 trans-
portability 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 capability
(stopes). Inadequate flow ability can result in issues like clogs in pipes, which can cause
serious financial losses for mining companies (e.g., refs. [10,12,13,29-32]). Regretfully,
nothing is known about the specific 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 fundamental questions concerning the interaction between
nAlO and the rheological characteristics of CPB remain open. These include questions
about how nAlO affects the yield stress of CPB, how it affects the viscosity of fresh CPB, how
these variables change during the curing and transport stages, how nAlO leads to changes
in the microstructure of CPB, and how these factors may interact with superplasticizers
or inorganic admixtures such as slag. Filling these important knowledge gaps is essential
to the successful integration and use of nano-CPB technology. In order to provide impor-
tant information on the effects of nAlO particles on the rheological, microstructural, and
chemical properties of CPB for different types of binders, with or without superplasticizers,
over varying periods of time, this study employs a variety of experimental methodologies,
including extensive rheological testing, microstructural analysis, chemical evaluation and
an extensive monitoring program.

2. Experimental Approach

2.1. Specimen Preparation and Materials
2.1.1. Tailings

In order to ensure the reliability of the results, the study used synthetic silica tail-
ings (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 1 and Table 1).

Table 1. Physical characteristics of the tailings used.

Dl() D30 D50 D60 Ss
El t G
emen S wm)  um)  @m)  (um)  (m?fg)
ST 2.7 1.9 9.0 22.5 315 3600
An average of 9 mines - 1.8 9.1 20.0 30.8 -

Gs: specific gravity; Ss: specific surface area; ST: synthetic silica tailings.
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Figure 1. Distribution of silica tailings (ST) grain sizes and average grain sizes of tailings from nine
Eastern Canadian mines.
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 compo-
nent of 4.5% by weight [12,26]. Table 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.
Table 2. Primary chemical and physical properties of the Portland cement and slag used.
. . Relative Specific
Na20 MgO A1203 SIOZ Kzo CaO T102 MnO Fe203 DEI‘lSity Surface Area (szlg)
PCI 034 258 481 2038 09 6270 023 0.05 3.6l 3.2 1300
Slag 028 11.78 10.60 35.57 048 3921 047 0.30 0.62 2.8 2100

2.1.3. Nano-Aluminium Oxide

Sourced in colloidal form from Dow Corning, Inc. (Midland, Michigan, USA), nano-
Aluminium Oxide (nAlO) is an amorphous Al,O3; with a high specific surface area and
purity. It is used at several concentrations—0%, 1%, and 3% by total mass of binder

materials. The chemical and physical properties of the used nAlO particles are displayed in
Table 3.
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Table 3. Characteristics of the Nano-Al,O3 (NA) nanoparticles used.

Form Nanopowder
Particle size <50 nm (TEM)
Surface area >40 m? /g (BET)

Molecular Weight 101.96
Colour White

Data obtained from suppliers.

2.1.4. Superplasticizer

A superplasticizer supplement was added to some CPB samples (0.125% 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].

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% 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 a 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 utilised for monitoring.
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 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 analyses (Table 5).

Table 4. Mix composition of the specimens prepared for rheological tests.

Sample Name Nano-(ﬁ;l)zo3 @ Bi(rol/:l)er Binder Type wib Super[()(l)/:)sticizer
CPB-PCI-0%nAlO 0 45 PCI 7.8 0
CPB-PCI-1%nAlO 1 45 PCI 7.8 0
CPB-PCI-3%nAlO 3 45 PCI 7.8 0

CPB-PCI 1%nAl0-SP 1 45 PCI 7.8 0.125
CPB-PCI 3%nAlO-SP 3 45 PCI 7.8 0.125
CPB-50%PClI/50%Slag 0%nAlO 0 45 PCI/Slag (50/50) ® 7.8 0
CPB-50%PCI/50%Slag 1%nAlO 1 45 PCI/Slag (50/50) 7.8 0
CPB-50%PCI/50%Slag 3%nAlO 3 45 PCI/Slag (50/50) 7.8 0
CPB-25%PCl/75%Slag 0%nAlO 0 45 PCI/Slag (25/75) 7.8 0
CPB 2Rl /7o Slag 1 45 PCl/Slag (25/75) 7.8 0
CPB-25%PCl/75%Slag 3 L5 PCI/Slag (25/75) - 0

3%nAlOCPB

@ by the mass of the binder; ® PC/Slag (50/50) = the blend weight ratio of Portland cement to slag is 50/50.
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Table 5. Summary of the mix composition of the specimens prepared for XRD, TG/DTG analyses.

Nommrle . Comen e e seen Tine o (E MR con N cuing
(%) Binder (%) Binder (%) (%)
CPB-PCI 0 - 100 0 0 none 1 DW 0 none 2
CPB-PCI 1 - 100 0 0 none 1 DW 1 nAlO 2
CPB-PCI 3 - 100 0 0 none 1 DW 3 nAlO 2
CPB-PCI/Slag 3 - 50 50 0 none 1 DW 3 nAlO 2
CPB-PCI 3-SP - 100 0 0.125 none 1 DW 3 nAlO 2

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

2.3. Methods of Testing and Analysis
2.3.1. Viscosity Test

A digital viscometer (Model DVE; Brookfield Engineering Laboratories Inc., Middle-
boro, MA, USA) with an immersed spinning spindle was used to measure the viscosity of
the backfill specimen. Viscosity can be 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]. Additional information on
CPB viscosity measurements with this viscometer is given in [36]. Samples were evaluated
at specified curing times of 0 min, 20 min, 1 h, 2 h, and 4 h. To guarantee the reproducibility
of results, tests were repeated at least twice.

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 (Model 23500), 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 the
ASTM D4648/D468M-13 standard at 0 min, 20 min, 1 h, 2 h, and 4 h post-mixing. The
2.5 cm x 2.5 cm four-bladed vane was carefully inserted into the sample’s centre to mini-
mize container-induced disturbances. After full insertion, the sample was left to stabilise
for 30 s to reduce insertion effects. 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 positioning the vane at the centre of the speci-
men’s surface, the apparatus was activated. The vane was rotated at a uniform speed to
minimise the effects of factors such as viscous drag, instrument inertia, and inadequate
damping. The torque head recorded the torsional moment, and the peak torque value was
identified. After noting the highest torque, the yield stress associated with it was computed
using Equation (1) (ASTM D4648 [38]):

2Tm

Ty

where H is the vane’s length, D is its diameter, Ty, is the maximum torque that has been
established, and 7 is the yield stress.

To ensure the accuracy of the findings, every test was carried out a minimum of
three times.

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
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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 analyser (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-1V 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 26 range.

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 (Metrohm AG, Herisau, Switzerland). To validate 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 utilised 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.

2.3.5. Electrical Conductivity Monitoring

Changes in electrical conductivity (EC) can be linked to variations in the quantity
and/or mobility of charge-carrying ions and can therefore serve as a reliable indicator of
the degree of cement hydration reaction [36,40]. Additionally, EC measurements are useful
for monitoring the structural transformations that take place in hydrating cementitious
systems e.g, [36,40]. The EC value of cement-based materials is affected by the concen-
tration of ions within the pore network [11]. As hydration progresses, capillary pores in
the hardening cement paste gradually become filled with hydration products, leading to
the development of a solid microstructure and an increase in mechanical strength [11].
Consequently, the electrical conductivity of cement paste decreases over time [36]. For
this research, an EC sensor (5TE electrical conductivity) from Decagon Devices, Inc. was
utilised to obtain an 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 conduc-
tivity of the backfill specimens. Data from the sensor was gathered using a data recorder.

3. Results and Discussion

3.1. Influence of Nano-Aluminium Oxide (nAlO) on the Rheological Properties of CPB Made of
Portland Cement

Figure 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-5-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
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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 (refs. [13,17]).

—&—CPB-PCI-0%nAIO
—a&—CPB-PCI-1%nAIO
CPB-PCI-3%nAIO

0 60 120 180 240
Time (min)
(a)
—&— CPB-PCI-0%nAIO
—4— CPB-PCI-1%nAlO
CPB-PCI-3%nAlO
0 60 120 180 240
Time (min)

(b)

Figure 2. Effect of nano-Al,O3 (nAlO) content on the evolution of the rheological properties of CPB
with Portland cement: (a) yield stress; (b) viscosity.
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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 3’s representation of TG/DTG studies conducted on cement pastes cured for
60 and 240 min. 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 weight loss between 50 and 200 °C are the dehydration of hydration products
such as gypsum, C-5-H, carboaluminates, and ettringite, as well as the evaporation of
bound water. The breakdown of calcite (CaCOs) is responsible for the peak between 600 °C
and 700 °C, while the dehydroxylation of CH is primarily responsible for the peak between
400 °C and 450 °C (refs. [44-48]). Figure 3 clearly shows that the specimen cured for 60 min
has a lower peak in temperature ranges of 50-200 °C and 400450 °C than the cement paste

cured for 240 min. This data suggests that the CPB samples with extended curing times
produced more hydration products.

0 100 200 300 400 500 600 700 800 900 1000

100 - - -0.02
N )c~-»t"-‘M-..--f«'""\“"")"r OOO
95 - T
.‘ - 0.02
- | %
_ : - 004 Q
z i 5
= | . - 006 ¥
I |: \ — 008 ‘%
80 1 Vo ¥ °
.‘ ——— TG-60 min - 010
5 ".-: ':': —TG-240 min
".," L DTG-60 min - 012
------- DTG-240 min
. 0.14

Temperature (°C)

Figure 3. TG/DTG analysis results of cement paste samples without nAlO and cured for 60 min and
240 min.

Furthermore, Figure 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% nAlQO, for example, was 307 Pa, 301 Pa, 449 Pa, 510 Pa, and 720 Pa
at 0 min, 20 min, 1 h, 2 h, and 4 h, respectively. This represents an increase of approximately
35%, 44%, 53%, 57%, and 47% compared to the 0% nanoparticle sample. In comparison
to the 0% nanoparticle samples at 0 min, 20 min, 1 h, 2 h, and 4 h, respectively, the yield
stress of samples containing 1% nAlO increased by roughly 27%, 3%, 37%, 46%, and 33%.
Furthermore, compared to the control sample, the addition of 1% and 3% nAlO increased
the viscosity at 4 h by 31% and 43%, respectively. Moreover, the addition of 3% nAlO had a
stronger effect on CPB viscosity at 0 h and 20 min compared to 1%. A number of variables
working together can be responsible for the flowability loss observed in the presence of
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nAlQ, 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 [40,49-56]. Below is a

more detailed discussion of these factors, which together are responsible for the change in

rheological properties of CPB in the presence of nAlO.

nAlO filler effect: It is well known that nanoparticles are effective in partially filling 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 (ref. [18,40]).

Enhancement of the cement hydration by nAlO: The extremely small dimensions of
nAlO particles (see Table 3) provide an extensive number of nucleation sites, helping
the formation of numerous hydration 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 (Figure 4). 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° 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 h old and had varying nAlO concentrations (0%, 1%,
and 3%), as shown in Figure 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 agreement with
the results of the EC monitoring of CPB samples with different percentages of nAlO,
shown in Figure 6, gives further support to this explanation. 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 6,
the EC for the nAlO-containing samples was higher than that of the nAlO-free samples
during the early stage (up to 2 h or 120 min). Furthermore, the addition of nAlO
resulted in a noticeable shift of the EC peaks to shorter hydration periods, indicating
faster hydration reaction rates. In fact, the specimens containing 3%, 1%, and 0%
nAIlO had conductivity peaks at 3.7 h (200 min), 3.6 h (220 min), and 4.0 h (240 min),
respectively. This also aligns with the observation that the slopes of the 3%-nAlO
and 1%-nAlO samples prior to the EC peak were steeper than those of the control
sample, suggesting an acceleration in cement hydration within the chloride-containing
samples. In fact, the slope preceding the EC curve’s peak correlates with the rate of
the hydration reaction; a sharper slope signifies a quicker hydration process [50]. This
early-stage fast acceleration of cement hydration is consistent with yield stress and
viscosity observations shown in Figure 2.
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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 m?/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 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 7). The pH trend over time for
PCI-CPB samples containing 0% and 3% nAlO is shown in Figure 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% and 3% nAlO were 12.79 and
12.97, respectively, following a 25-min curing period. Moreover, pH levels rose to 13.03
and 13.08 for samples containing 0% and 3% nAIlO, respectively, after two hours of
ageing. Figure 8 shows that the pH of CPB with 3% 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% nAIlQO, are shown in Figure 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 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%nAIO
¢ ——CPB-PCI-1%nAIO
CPB-PCI-3%nAlO

|
,

]

I\ |
Sttt o N‘LM Mttt N ) S M\»WVN e A - Fon

10 20 30 40 50 60 70 80 90 100
26

Figure 4. XRD results of cement paste of PCI-CPB with 0%, 1%, and 3% age of nAlO inclusion after

2h.
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Figure 6. Changes in electrical conductivity of PCI-CPB specimens.
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Figure 8. pH evolution of CPBs with 0% nAIlO vs. 1% nAlO vs. 3% nAlO.

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
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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-h curing period, Figure 9 shows the effects of different nAlO percent-
ages on the yield stress (Figure 9a) and viscosity (Figure 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, PCI/Slag
(50/50), and PCl1/Slag (25/75). The section that came before this one explained the under-
lying mechanisms that cause this behaviour. Specifically, Figure 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-h ageing period without nAlO, the yield stress values for samples with 100% PCI,
PClI/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 form when particle attraction dominates, leading to an increase in yield stress.
Figure 10 presents the zeta potential analysis results for fresh CPB samples with varying
PCI/slag replacement ratios (excluding nAlO). Notably, the Slag-CPB samples exhibit
lower absolute zeta potential values (25 mV for PCI/Slag (50/50) and 20 mV for PCI/Slag
(25/75)) compared to the 100% PCI-CPB sample (50 mV). This indicates a reduced electrical
double-layer repulsion force in the slag-containing samples. Consequently, CPBs with
slag particles exhibit greater interparticle attraction, which contributes to higher 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. For the vane blade to create flow in
the suspension, more external force must be provided for these weak flocs to maintain
their stability during Brownian motion [19,20]. Furthermore, it is clear from Figure %b 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, cement hydrates more quickly than slag
does in the early stages. This causes more hydration products to form, like CH, ettringite,
and C-5-H gel, which effectively bond the tailing particles together and raise 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 deter-
mine the cement’s phase stability and the amount of hydrates that are present. The XRD
and TG/DTG diagrams for cement paste (CP) specimens containing Slag/PCI-CP and
PCI-CP are shown in Figures 11 and 12, respectively. 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
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with a mixture of PCI cement and slag (50/50), shown in Figure 13, experimentally validate
the production of a higher number of cement hydration products in 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.

1200
1000 ~
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600 H

400

200 I I
0

Yield Stress (Pa)

0% Aluminium Oxide 1% Aluminium Oxide 3% Aluminium Oxide
mPClI mPCl/Slag (50/50) m PCl/Slag(25/75)

@)

2
1
0
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mPCI  mPCl/Slag (50/50) m PCl/Slag(25/75)
(b)

Figure 9. Effect of slag and nano-Al,O3 and binder type on the rheological properties of 2 h-old CPB.
(a) Yield stress, (b) Viscosity.
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Figure 10. Zeta potentials of (100%) PCI-CPB vs. Slag-CPB (50:50 PCI: Slag) vs. Slag-CPB (25:75
PCI: Slag).
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Figure 11. XRD results of cement paste of PCI/Slag (50/50), with the inclusion of 3%-nAlO samples
after 2 h.
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Figure 13. EC monitoring results of CPB samples with the PCI, PCI/Slag (50/50), with the inclusion
of 3% nAlO.

It is also clear from Figure 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% nAlO (1064 Pa). The following interpretation can be made of this
significant yield stress. First, when water is added to the mixture (pre-induction time),
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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 that of PCI alone, 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 13). 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 13). 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.

3.3. Impact of Superplasticizer on the Rheological Properties of CPB with nAlO

The results discussed above demonstrate that the inclusion of nAlO particles ad-
versely affects the flow properties of CPB, potentially posing challenges for the efficient
transport of newly modified CPBs containing nAlO particles in practical applications. This
raises an important question: can the flow properties of CPB with nAlO be significantly
improved through the addition of a superplasticizer? To address this, research was con-
ducted to evaluate the influence of a superplasticizer on the rheological behaviour of CPB
containing nAlO.

Figure 14 illustrates the effects of incorporating a superplasticizer (at 0.125% by weight
of the mixture) on CPB samples with different nAlO concentrations. The yield stress
(Figure 14a) and viscosity (Figure 14b) are shown for samples at various time intervals:
0,20 min, 1 h, 2 h, and 4 h. This figure demonstrates that, regardless of the nanoparticle
content, the addition of a superplasticizer significantly enhanced the flowability of CPB
containing nAlO particles. For example, after 4 h of ageing, specimens with 3% and 1%
nAlO exhibited reductions in yield stress of 53% and 54%, respectively, when treated with
a superplasticizer. Similarly, a noticeable decrease in viscosity was observed. Moreover,
Figure 14a indicates that CPB samples with higher nAlO content experienced a more
pronounced reduction in yield stress due to the superplasticizer. This finding highlights
the necessity of using a superplasticizer to effectively improve the flowability of CPB with
higher nAlO concentrations. Enhancing the flowability of CPB with a superplasticizer
not only improves pumping efficiency [70-76] but also reduces energy consumption and
operating costs associated with transporting the underground nAlO-CPB material.
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Figure 14. Effect of superplasticizer versus nano-Al,O3 on the evolution of CPB rheological properties.
(a) Yield stress, (b) Viscosity.

The reduction in yield stress and viscosity observed with the addition of a superplasti-
cizer can be attributed to the combination of two key factors. First, the dispersing effect of
high-range water-reducing admixtures (WRAs) plays a significant role in this behaviour.
Two different mechanisms of repulsion between cement particles are introduced by su-
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Deriv. Weight (%/min)

0.1

-1.1

perplasticizers derived from carboxylic compounds, like Master Glenium: (a) electrostatic
repulsion due to the negative charges of the carboxylic group, and (b) steric repulsion due
to the long polymer chains in the compound [36,66,72,73,77]. 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 15, corroborate this
conclusion. The diagrams show that in the cement paste without a superplasticizer, more
hydration products are formed. More specifically, the sample with 0% superplasticizer
shows the first peak at about 100200 °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 (refs. [47,70-72,78-81]). 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 15) of the cement paste sample.
Furthermore, the findings of the EC monitoring shown in Figure 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% superplasticizer being noticeably lower than that of the paste contain-
ing 0% superplasticizer. Furthermore, the superplasticizer-free sample exhibits a faster
rate of cement hydration than the superplasticizer-containing sample, peaking at 210 min
compared to 240 min for the latter.
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Figure 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.
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Figure 16. Displays the EC of the PCI with the inclusion of 3% nAlO and 0.125% SP.

4. Conclusions

The impact of nAlO on the rheological properties of cemented paste backfill (CPB) was

examined experimentally in this study. Based on the findings, the following conclusions

can be drawn:

Adding nAlO particles or adjusting their dosage modifies CPB flowability by in-
creasing yield stress and viscosity. This occurs due to (i) the filler effect of nAlO,
(ii) its catalytic impact on cement hydration, (iii) increased water demand, and (iv)
nAlO-induced flocculation or agglomeration of CPB particles.

The influence of nAlO particles on rheology intensifies with longer curing or transport
time due to increased hydration product formation and enhanced particle flocculation.
The binder type in CPB preparation influences how nAlO affects flowability. As nAlO
content increases, the yield stress of PCl-based CPB rises more gradually than in
PCl/Slag (25/75) and PCl/Slag (50/50) samples. Thus, nAlO has a stronger impact on
CPB with PCI/Slag binders over extended transport times. This is due to friction effects
from multivalent cations between nAlO particles and the denser particle packing,
which raises the solid volume fraction and enhances particle interactions, as explained
by the Krieger-Dougherty model.

Compared to PCI-CPB, Slag-CPB samples exhibited lower viscosity but higher yield
stress. Higher binder concentration in Slag-CPB reduced both due to improved free
water bleeding, despite the same water-to-cement ratio. However, increased Slag
content reduced Slag-CPB flowability.

Adding a superplasticizer to CPB with nAlO enhances flowability by increasing
electrostatic repulsion between particles, with its effect becoming more pronounced at
higher nAlO content.

Despite the results obtained, scaling up laboratory findings and conducting large-scale

operations are essential to fully evaluate the cost-benefit ratio and practical applicability of

nanoAlO-CPB technology. Moreover, future studies should investigate the reversibility of



Minerals 2025, 15, 246 22 of 25

structural buildup through re-shearing before each yield stress measurement of the yield
stress of nAlO-CPB to gain a deeper understanding of its rheological behaviour.
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