Exploring the Potential for DeveIoPing Economical and Sustainable
Cemented Paste Backfill using Mine Wastes

Iman Munadhil Abbas Al-Damad?, Abdelrahman Hamdan2, Taehwan Kim3, Stephen Foster4, Ali Kashani®,
Ailar Hajimohammadi®

'Research Associate, Centre for Infrastructure Engineering and Safety, UNSW Sydney
2PhD Candidate, Centre for Infrastructure Engineering and Safety UNSW Sydney
3Senior Lecturer, Centre for Infrastructure Engineering and Safety, UNSW Sydney

4Professor and Dean, Centre for Infrastructure Engineering and Safety UNSW Sydney
5Senior Lecturer, Centre for Infrastructure Engineering and Safety, UNSW Sydney

6Associate Professor, Centre for Infrastructure Engineering and Safety UNSW Sydney

Abstract: To avoid severe environmental pollution from the deposition of mine wastes, a pilot study was
undertaken to investigate the potential of maximizing the opportunities for repurposing mine tailings from
non-valuable tailings to valuable by-products in cemented paste backfill. This research first characterised
the physical and chemical properties (particle size distribution, elemental oxide composition, mineralogical
composition, surface area) of four different mine tailings and slags. Their potential for cementitious materials
is then examined by comparing their properties with those from other supplementary cementitious materials
(SCMs). After the completion of the characterisation study, three different pathways are explored to partially
replace components in cemented paste backfill with mine wastes. The pathways include: i) replacing the
binder components, ii) replacing the filter components, and iii) activating the mine wastes with alkali
activator. In total 18 trial mixes were prepared and tested. The results of the trial mixtures highlight several
potential ways to reduce the use of GP cement in cemented paste backfill, opening future investigations to
tailoring the development of sustainable construction materials using mine waste products.
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1. Introduction

The mining industry is a fundamental industry to provide essential materials and resources required by our
society and civilization, with the top 40 global mining companies having total revenue of USD 692 billion in
2019 and expenditure of USD 515 billion [1]. Due to the growing concern about the environmental impact
related to mining activities, the market value of green mining (mining type, technology, emission reduction,
and water reduction) is forecast to increase up to USD 12.9 billion worldwide by 2024 [2]. Furthermore, the
mining industry is the key sector in the Australian economy that has the largest export revenue (AUD 221
billion in 2017 — 2018) [3].

Despite its pivotal role as an underpinning industry to the Australian economy, environmental impacts and
waste materials generated from the mining process must be managed to minimise the detrimental
consequences. Mine wastes including tailings and slags during the mechanical and chemical processing in
the mining operation are one of the largest industrial waste productions [4]. Majority of these wastes are
currently discharged in tailing storage facilities. Mine waste management is becoming a growing challenge
due to emerging interests of Circular Economy and excessive regulation. Two approaches to waste
management are intensively considered, which are i) the innovative technology to reduce the volume of
tailings generated and ii) maximising the opportunities for the reuses of tailings by turning them into non-
valuable tailings as valuable by-products.

This research focuses on the second approach; specifically, exploring the feasible applications of different
types of mining wastes to improve cemented paste backfill (CPB) economically and practically. CPB is one
of several backfill methods and is broadly categorised into the thickened tailing using a cementitious binder.
Both industry and academia are paying attention to this technology due to its environmental and economic
benefits. It should be noted that, as a preliminary test, the paper only focuses on providing the potential
feasibility for the next step forward to the development of an economical and practical CPB. In addition,
possible alternative uses of tailings will be briefly discussed based on the results obtained from this
preliminary test. The paper is composed of two parts: i) characterisation of several mine wastes and ii) trial
tests (unconstrained compression strengths) to explore feasible applications for further studies.



2. Materials

The details of the source of materials, type and abbreviation used in this study are summarised in Table 1.
Four mine wastes (Cu_T, Pb_T, Cu_S, and Pb_S) were fully characterised and considered for the trial mixes
of CPB using two binders [general-purpose Portland cement (GPC) and slag cement (SC)]. A commercial
sodium silicate (SS) solution (14.7% of Nay0, 29.4% of SiO,, 55.9% of water (by weight)) was used as an
activator.

Table 1. Description of the waste materials and binders

Material Cu Pb/Zn Cu slag Pb slag Portland Slag Activator
tailings tailings cement cement
Type Mine waste | Mine waste Mine waste Mine waste Binder Binder Sodium silicate
(powder) (powder) (fine aggregate) | (fine aggregate) (powder) (powder) solution
Abbreviation CuT Pb T Cu S Pb_S GPC SC SS
3. Experimental Program

3.1 Material Characterisation

Several techniques were used to characterise the mine wastes to determine their potential active
components. These characterisations would provide in-depth information to effectively decide the further
potential approach by reducing the number of trial-and-error approaches. The results of characterisations
can be used to potentially evaluate the mine wastes as supplementary cementitious materials, precursors
for alkali-activated materials, and non-reactive fillers. First, to ensure the representativeness of the samples
tested, the sampling process of all waste materials was conducted following ASTM C702/702M [5]. Several
different techniques were used to analyze the characteristics.

3.1.1 Particle size distribution (PSD)

As mentioned in Table 1, two tailings were fine powders, and two slags were coarser similar to the PSD for
fine aggregate. PSDs of the fine tailings were determined using Malvern Mastersizer based on laser
diffraction. Distilled water was used as a dispersant medium with a refractive index (RI) of 1.33. The
measurement time was less than 2 minutes and thus it was assumed that the glassy powder’s particle size
distribution would not change during this short period. The RI values tailings were assigned as 1.704 for
Cu_T and 1.826 for Pb_T and absorption factor 1.0. The RI of each tailing material was computed based
on a weighted average of the individual oxides and their Rls. The oxide percentages were obtained using
X-ray fluorescence (XRF). Two slags were too coarse to analyse the PSD using the laser diffraction method.
A standard sieve analysis for fine aggregate (AS1141.11.1[6]) was conducted for these two slags (Cu_S
and Pb_S). The ground slags were also prepared to study their potential reactivity as binders. Some portion
of these two slags were finely ground using the Fritsch Pulverisette 6 Planetary Mono Mill at speed of
400 rev/min for 6 minutes. The PSDs for these ground slags were analysed using the same technique and
process used for the tailings (the laser diffraction method). The Rl values were selected as 2.279 for Cu_S
and 2.171 for Pb_S with an absorption factor 1.0.

3.1.2

The reactivity of mine waste is affected by the PSD and the surface area. The surface areas of the selected
mine wastes were determined using the multi-point Brunauer, Emmett and Teller (BET) theory of the
nitrogen-gas adsorption isotherm (NOVAtouchTM from Anton Paar), where the relative partial pressure of
adsorbate nitrogen gas was in the range of 0.05 and 0.3. Before measurement, degassing of the powder
(with heating at 150 °C for 10 hours) was performed to remove all gasses and moisture adsorbed on the
surface of the powders. The surface areas of two duplicates were independently measured and the average
value of them was reported.

Surface area using a nitrogen absorption

3.1.3

The oxide composition of all materials except for GP was conducted and analysed based on wavelength-
dispersive X-ray fluorescence (WD-XRF) using a PANalytical AXIOS spectrometer at Mark Wainwright
Analytical Centre (USNW Sydney). To conduct the WD-SRF, fused glass bead samples were prepared from
these glassy materials.

Elemental composition using X-ray fluorescent (XRF)



3.1.4 Crystallographical properties using X-ray diffraction (XRD)

For the crystallographic analysis, XRD patterns were collected using PANalytical X'Pert Pro MPD
diffractometer with Co tube at 45 kV and 40 mA X-ray generator condition. The refinement was performed
using X’Pert High Score Plus software from PANalytical. The databases ICSD (Inorganic Crystal Structure
Database) and ICDD (International Centre for Diffraction Data) PDF 4+ were used for phase identification
and quantification.

3.2 Trial Mixtures

Trial mixtures were designed based on the characteristics of the material obtained from Section 3.1. To
maximise the number of trial mixtures, the majority of the trial mixtures were developed based on one
benchmark CPB mixture that has an overall 75% of solids (70.5% of tailings and 4.5% of cement) and an
overall 25% of water. Only control specimens and SC-based specimens were prepared using an additional
benchmark CPB mixture [70% of solids (64.6% of tailings and 5.4% of cement) and, overall, 30% of water].
All detailed trial mixtures are summarised in Table 2. The rationales for developing these trial mixtures are
further discussed in Section 4.1.6.

For mixtures based on Portland cement (Pathways 1 and 2, shown in Table 2), fillers (tailings and/or slags)
and binder were dry mixed for one and a half minutes using the Hobart mixer. Then water was added
gradually, and uniformly — mixing was then continued for a further three minutes. For activated materials,
the waste materials were dry mixed for one and a half minutes; following that, water and an activator were
added. Mixing continued for another three minutes.

Table 2. Trial mixtures of CPB

Trial mixtures of CPB based on Portland cement binder (% by total mass of CPB)
Binder content Filler (aggregate) content
Series o GP sc | Pt | PPS | cut | PoT | pos | VAt
(ground)
c GP-1 4.5% - - - 70.5% - - 25%
ontrol
GP-2 5.4% - - - 64.6% - - 30%
SCA1 - 4.5% - - 70.5% - - 25%
SC-2 - 5.4% - - 64.6% - - 30%
P1-1 4.28% - 0.22% - 70.5% 25%
Pathway 1
P1-2 4.05% - 0.45% - 70.5% - - 25%
P1-3 4.05% - - 0.45% 70.5% - - 25%
P1-4 3.6% - - 0.9% 70.5% - - 25%
P2-1 4.5% - - - 63.5% 7.0% - 25%
P2-2 4.5% - - - 42.3% 28.2% - 25%
Pathway 2 P2-3 4.5% - - - - 70.5% - 25%
P2-4 4.5% - - - 35.3% 17.6% 17.6% 25%
P2-5 4.0% - - - 42.6% 28.4% - 25%
Trial mixtures of activated mine wastes (% by total mass of CPB)
Binder content Liquid activator content
Series ID Pb S High Low
P sc Pb_T (ground) |  (44.1 wt% SS) (1.0 wt% SS)
P3-1 75% - - - 25% -
P3-2 - 75% - - 25% -
Pathway 3 P3-3 - - 75% - 25% -
P3-4 - - - 75% 25% -
P3-5 - - - 75% - 25%

3.3 Unconfined Compressive Strength

The unconfined compression strength (UCS) of the CPB used in this study was determined from 50 mm
cubes. The UCS was determined from two to three cubes tested under load control at a rate ranging
between 240 N/min to 2.0 kN/min. For mix (P3-4), the cubes were tested at a rate of 20 MPa per minute, as
per AS1012.9:2014 [7].



4. Results and Analysis

This section presents the results obtained from the material characterisation and shows the unconfined
compressive strengths of the trial mixtures.

4.1 Characterisation of Mine Wastes

4.1.1 Particle size distribution

Figure 1 shows the PSDs of four wastes and includes the PSDs from other common materials used in
concrete (including GPC, Sydney fine aggregate, and commercial fly ash). As shown in Figure 1, Pb/Zn
tailings had the finest PSD that was even finer than GPC. Cu tailing showed much coarser PSD than
cementitious binders (such as GPC and commercial fly ash) but finer than the fine aggregate (see the PSD
for Sydney fine aggregate). As expected from the visual observation, PSDs of the Cu slag and the Pb slag
could be categorised into fine aggregates that are coarser than the Sydney fine aggregate.
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Figure 1. PSDs of mine wastes, GPC, Sydney fine aggregate and commercial fly ash.

4.1.2 Surface area using a nitrogen absorption

Surface area is also an important factor to affect the reaction kinetics because chemical reactions occur on
the surface of particles by interacting with their surroundings. Table 3 shows the BET surface areas obtained
from four different mine wastes. Because the slags received had forms of fine aggregate, the ground slags
were also prepared, and their surface areas were measured together with the BET surface areas of
unground slags.

Pb/Zn tailings had the highest surface area (3.638 m?/g) and the finest PSD in Figure 1. This Pb/Zn tailing
was used to modify the packing density and the gradation of the fillers (Pathway 2 in Table 2, with further
details provided in Section 4.1.6). Interestingly, grinding the slags did not significantly affect the surface
area. For Cu slag, the ground Cu slag had a surface area even smaller than the Cu slag unprocessed. It
should be noted that grinding the material to make smaller particles is not always proportional to the BET
surface area. This may be due to the complex behaviour due to the agglomeration of slags during the
smelting process. The opposite trend of griding was also observed in the literature that used pre-mullite
powder [8]. Cu tailing and Pb slag had quite a lower surface area compared to Cu slag and Pb/Zn tailings.

Table 3. BET surface area of mine wastes

Materials CuT Pb T Cu S | Cu S(ground) | Pb S | Pb_S (ground)
Surface area (m?/g) 0.753 3.638 3.293 2.534 0.452 0.648

4.1.3 Oxide composition using X-ray fluorescence

Table 4 shows the composition of the chemical oxide obtained from the mine wastes, pond ash, and the
slag cement. Analysis of the main oxides in cementitious materials (SiO,, CaO, Al20;, and Fe,O3) can be
a good initial screening of the possible cementitious properties in mine wastes, although the crystallographic
property of a material also plays a critical role in its cementitious properties.



Table 4. Chemical oxide compositions of materials used in this study
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Figure 2. Si0,-Ca0-Al,0;+Fe,0; Ternary diagram.

In Figure 2, main oxide compositions are plotted on the ternary diagram, together with the schematic regions
of common cementitious materials. Cu tailings and pond ash fall into the silicon-rich region of low to high
calcium fly ash. The wastes in this region may have some degree of pozzolanic characteristics if they have
a sufficient reactive component (such as amorphous content). Pb/Zn tailing is within the silica-rich and
intermediate amount of CaO. Two slags (Cu slag and Pb slag) are out of the regions of typical cementitious
materials due to the high content of iron oxide (50.80% for Cu slag and 31.30% for Pb slag). However, Pb
slag has a quite high content of CaO and intermediate SiO,, which may be an indication of possible hydraulic
property. As expected, the slag cement is within the region of Portland cement. In summary, the analysis of
the oxide composition revealed that the Cu tailings and pond ash may have the pozzolanic property while
Pb slag and Pb tailing may have some extent of both hydraulic and pozzolanic properties. However, it should
be noted that these cementitious properties cannot be estimated by just their oxide composition.

4.1.4

Figure 3 shows the XRD spectrums for four mine wastes with the amorphous content in each waste. The
knowledge of the mineralogy (especially amorphous content) is crucial when the reactivity of mine wastes
is considered. Generally, higher amorphous content in a material shows better reactivity than the material
with lower amorphous content. The Cu tailings and Pb/Zn tailings had only 9.7% and 6.3% of amorphous
content, respectively, while Cu slag and Pb slag have a high content of amorphous content (68.7 % and

Crystallographical properties using X-ray diffraction (XRD)



75.1 %, respectively). This indicates that Cu tailings and Pb/Zn tailings are unlikely to be effective as a
reactive component and, thus, incorporating them as fillers may be a better approach. Meanwhile, Cu slag
and Pb slag can have more reactive components, indicating further research on using these slags as
supplementary cementitious materials or precursors for alkali-activated materials.
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Figure 3. XRD spectrum for mine wastes: (a) Cu_T and Pb_T; (b) Cu_S, and Pb_S.

4.1.5 Summary of characteristics of mine wastes

Table 5 summarises the overall characteristics of mine wastes tested in this study through the
comprehensive characterization of materials. The potentials suggested in Table 5 are considered to develop
the initial trial mixtures and details, and are discussed in the following section.

Table 5. Summary of characteristics and potentials of mine wastes.

Material Mineralogical SiO, | CaO | A,0; | Fe,O3 | PSD Comments
characteristics d(0.9)
Cu_T |e Amorphous: 9.7% 54% 8% 2% 9% 419um |e Potentially pozzolanic (may require thermal
» Highly crystalline treatment)
e The potential pozzolanic o Highly crystalline
property after treatment * Milling may be required for the cementitious
property
Pb_T |e Amorphous: 6.3% 38% 10% 5% 14% 36um | Potentially pozzolanic/hydraulic (intermediate
e Highly crystalline (fined CaO content) (may require thermal treatment)
e Quartz: 29.8% than GP |e Highly crystalline
e The potential pozzolanic/ cement) e Particle size fits well with cement replacement
hydraulic property after e Fillers to modify gradation and packing density
treatment
Cu_S |e Amorphous: 68.7% 36% 8% 3% 51% 4750um |e Milling is required for the cementitious property
o Fayalite (Fe,SiO,): 17.8% * Potentially hydraulic.
o High Fe;O5 (51%) * Very high content of Iron
» Potential hydraulic property  Fillers to modify gradation and packing density
o Precursor for activated material
Pb_S |e Amorphous: 75.1% 19% | 24% | 3% 31% | 4750um |e Milling is required for the cementitious property
e Dolomite (CaMg(CO3),): * Potentially hydraulic.
29.8% * High content of Iron
o High Fe;0; (31%) » Fillers to modify gradation and packing density
o Potential hydraulic property e Precursor for activated material

4.1.6

Development of Trial mixtures

The characteristics of the tested mine wastes provide insight into the properties of the materials and allow
for focusing on potential pathways. Three different pathways are explored to partially replace GP cement in
cemented paste backfill. These included controlling the binder components, controlling the filter components
and activating the mine wastes.

Pathway 1 is controlling the binder components. Two samples were prepared by replacing 100% of GP
cement with the slag cement to evaluate the performance of this slag cement (SC-1 and SC-2). An additional
four trial mixtures were developed using Pb slag and Pb/Zn tailings by replacing a specific fraction of GP



cement with either of these materials as shown in Table 2. Pb slag was considered as the best candidate
to replace GPC due to its highest pozzolanic and/or hydraulic properties, highest amorphous content and
sufficient CaO content in comparison with other mine wastes considered in this study. Also, Pb/Zn tailings
may have some potential reactivity due to their fine particle size and intermediate CaO content. In all the
trial mixtures a sole Cu tailing was used as a filler. Details of the replacement portion are given in Table 2.

Pathway 2 is to explore the feasible options of modifying the gradation of fillers using different mine wastes.
In total five trial mixtures were developed, as shown in Table 2. As the trial P2-2 (with 42.3% Cu_T + 28.2%
Pb_T) showed promising strength development, an additional CPB mixture (P2-4) was considered in which
the binder content was reduced to 4.0% and the total filler content was increased to 71%.

Pathway 3 is to explore the feasibility of activating the mine wastes. First, each of the four mine wastes was
solely activated using a very high concentration of activator (44.1% SS) to evaluate if they have a reactivity.
Then, the most reactive mine waste (Pb slag was revealed as the most reactive powder) was tested using
the low activator concentration (1.0% SS), as shown in Table 2.

4.2 Unconfined Compressive Strength

4.2.1 Pathway 1: Feasibility of controlling binder components

The UCS test results of both benchmark mixes are presented in Figure 4(a), together with the results of the
mixes (SC-1 and SC-2) prepared with the complete replacement of GP cement with slag cement. Figure 4(b)
summarises the UCS test results of Pathway 1 mentioned in Table 2. In Pathway 1, Pb/Zn tailings and
ground Pb slag were used to partially replace GP cement. It is seen that a 5% replacement of GP cement
with Pb/Zn tailing produces a CPB with a UCS at 28 days equivalent to that of the control mix. However, for
the remaining trials, the strength was lower than GP-1. For P1-1 (5% replacement of GP cement with Pb/Zn
tailings), the UCS at 14 days was lower than GP-1; however, with time, the trial mix reached a strength
equivalent to GP-1 at 28 days. This might result from the pozzolanic reaction of Pb/Zn tailings, as the
pozzolanic reaction is slower than the hydraulic one. Furthermore, P1-3 and P1-4 that replaced GP cement
with Pb slag had lower UCS development than those obtained from GP-1 and P1-1 despite the greater
amorphous content in Pb slag than Pb tailings. It might be caused by much coarser PSD for the ground Pb-
slag than Pb_T because a PSD of ground Pb-slag was equivalent to that of Cu tailing (see Fig. 2), which is
significantly coarser than GP cement.
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Figure 4. UCS of (a) Control mixes, SC-1 and SC-2; (b) Pathway 1; (c) Pathway 2; (d) Pathway 3
mixes.



4.2.2 Pathway 2: Feasibility of controlling filler components

Figure 4(c) presents the UCS test results of Pathway 2. It is observed that improving the packing density
and gradation of the filler by increasing the percentage of the finest waste Pb/Zn tailing increases the
strength substantially. However, for the trial mix, (P2-4), where 50% Cu tailing is replaced with Pb/Zn tailings
and Pb slag, the strength is remarkably decreased. One of the main observations during the preparation of
this trial was its high workability compared to the control mix. Pb slag is denser than the tailing materials;
accordingly, water content should be adjusted to obtain the optimum mix design. It can be seen from
Figure 4(c) that a promising strength development was obtained with 40% replacement of Cu tailing with
Pb/Zn tailing (P2-5). Thus, an additional CPB mixture was considered in which the binder content was
reduced to 4.0% with maintaining the filler being composed of 60% of Cu_T + 40% of Pb_T. Interestingly,
the UCS was remarkably reduced. This can be attributed to the high w/c ratio for this trial as it has increased
from 5.56 to 6.25.

4.2.3 Pathway 3: Feasibility of activating mine wastes

The results of activated waste materials are presented in Figure 4(d). Pb slag was revealed to be the most
reactive waste material. This is mainly attributed to its high amorphous content and sufficient CaO content.
Cu slag and Pb/Zn tailing presented an intermediate reactivity, while negligible reactivity was observed for
Cu tailing. It is important to note that in addition to the activated Pb slag and Cu slag demonstrating high
strength, the workability of these two mixes was also much higher than the other two activated mixes and
the control mix (GP-1). The concentration of the activators used in this pathway was very high (44.1% SS)
and, thus, further investigation is recommended to optimise the activators.

5. Conclusions

This paper focuses on the feasibility of reusing waste materials from mines to minimise the use of GP
cement in CPB. Four different types of mining wastes were examined and analysed. The tests were divided
into two stages. In the first stage, the characterisation of the mine wastes was studied to obtain an insight
into the material properties and to allow for the development of efficient pathways for the trial mixes. In the
second stage, a total of 18 trial mixes (including controls) were prepared and tested.

The results of the trial mixes revealed multiple pathways that require further investigation. This includes:

e Replacing GP with the ground Pb slags by optimising the replacement rate and the particle sizes;

e Ground Pb slag has the potential to be a cementitious material or a precursor for activated materials;

¢ Reducing GP by optimising the gradation and the packing density using the combination of the
mixtures;

e Optimising the economical activator to activate slags materials; and

e Determining the grinding process of slag wastes.
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