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Abstract. There is a global upsurge in the use of cemented paste backfill (CPB) for various mining functions. However,
the cost of the Portland cement binder is prohibitive, thus warranting strategies to reduce cement usage without overly
diminishing the CPB quality. Since carbon dioxide is used for patented sand moulding processes, this study is premised
on that physicochemical ability of CO2 to enhance the curing of consolidated inorganic materials. It evaluated the
impact of carbon dioxide on the uniaxial compressive strength UCS and preparation cost of CPB standard samples
(ASTM C109). The preparation cost was delimited to the purchase cost of the Portland cement. The backfill material
was silica sand tailings with 4.5 wt.% Portland cement binder and a water-cement ratio of 7.6. Distilled water of
pH 5.4 was used for the control samples while variable amounts of carbon dioxide were dissolved in distilled water to
generate carbonated mixing water with pH values of 3.8; 4 and 4.2. The lower the carbonated water pH, the higher is
the COz concentration. UCS tests were conducted on the samples after curing for 3, 7, 28, and 90 days. There was an
observable increase in the UCSs and reduction in curing time with increasing carbon dioxide. Samples prepared with
carbonated water of pH 3.8 had almost double the strength of those prepared with pure distilled water of pH 5.4,
implying that more dissolved CO: corresponds to higher CPB strength. This is supported by the trendline equations for
the graphical simulation of strength on curing time. Thus, CPB with much less binder can be expected to attain the
requisite UCS if carbon dioxide is incorporated. The average reduction in Portland cement consumption was 0.61 %,
which translates to a cost saving of the same percentage points. If calculated over the operational life of a mine, this is
a massive saving of millions of dollars.

Keywords: cemented paste backfill; CPB; curing time; uniaxial compressive strength; binder consumption; carbon
dioxide sequestration; tailings management
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Introduction. Hardened mine backfill or cemented paste backfill (CPB) is a synthetic engi-
neering material composed of'tailings, water, and hydraulic binders, with the tailings constituting
65-85 % of the combined paste weight [1-3]. CPB has multiple mining applications such as un-
derground mine backfilling [4-6], roof support [7-9], control of surface subsidence [10-12], and
mitigation of acid mine drainage [1, 13], while at the same time serving as an environmentally
friendly tailings management method utilized in many mines globally [14-16], with its adoption
on the increase [17, 18].

A critical geotechnical quality criterion for cured mine backfill is the mechanical strength
[10, 19, 20], which is important for load bearing applications such as roof and goaf support
[9] in underground mines to safeguard mine personnel and prevent ore dilution [5, 7, 21]. The
unconfined compressive strength (UCS) of the hardened or cured backfill is commonly
ascertained via the uniaxial compressive strength test to evaluate the CPB’s stability on demand
due to the test’s low cost and ease of integration into standard mine quality control protocols
[22-24]. Before curing, the CPB is in slurry form, necessitating transport in pipelines and the use
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of slurry pumps to convey it to places where it is needed [25-27]. During this phase, rheological
properties of the CPB slurry are critical for timely and efficient deposition at points of
interest [28-30]. Numerous works such as [2, 7, 31] have studied the rheology of CPB slurry and
characterised it as a non-Newtonian fluid [25, 27, 30], whose yield stress is mainly affected
by the solids mass fraction [32-35]. This yield stress is the primary shear stress that the slurry
pumping system has to overcome in order for the CPB to flow, thus making it critical for
cost-effective placement of the CPB in mine workings [7, 27]. Water-reducing admixtures
can be added to the paste to augment its pumpability, and improve the strength of the cured
CPB [36-38].

CPB is the most extensively used backfilling technology in Northern America, and in some
parts of the globe because of a number of advantages over competing technologies [24, 38, 39].
CPB is produced by homogeneously mixing three major constituents: tailings, water, and binder
[12, 40-42]. The binder generates cohesion in the CPB due to the hydration process [21, 43, 44].
A major type of binder which is often used in the mining industry for the production of CPB is
Portland cement in weight proportions of 2-7 % owing to its market abundance and flexibility of
application [21, 37, 45].

However, while binders advantageously increase the mechanical strength of CPB [17, 20, 46],
they can also represent a considerable portion of the mine operating cost [2, 8, 37]. For example,
Portland cement binders constitute about 50-75 % of the overall cost of CPBs [8, 27, 45].
For instance, the cement consumption of the mining industry in the province of Ontario, Canada
alone is estimated between 5-6 % of the total Canadian Portland cement production with an esti-
mated cost of CA $75 million annually in the consolidation of backfill in underground mining op-
erations [44].

Since binder consumption is the most expensive component in the preparation of CPB,
there is a need to explore techniques for reducing the binder consumption of cemented backfill
[17, 18, 47]. One approach would be to incorporate carbon dioxide into the cemented backfill
during its preparation, as has been reported for concrete [48, 49]. The strength of concrete has
been observed to increase due to carbonation, which results in precipitates forming and aggregat-
ing inside pores in the cement matrix. The partial closure of the pores or voids, also termed pore
refinement improves the cement UCS [48, 49]. If the same phenomenon can occur in CPB, then
it may also lead to an increase of its UCS, thereby reducing the binder consumption and affiliated
costs. While the study by T.Kasap et al. [50] did consider the effect of pH on CPB, there was no
deliberate alteration of the mixing water pH by dissolution of CO, but the natural composition
of the different tailings used was intentionally selected so as to have basic and acidic CPB sam-
ples. Therefore, the present work focuses on assessing the impact of carbonation on the UCS of
CPB and the potential cost savings in its preparation arising out of reduced Portland cement
binder use.

Methodology. Silica sand tailings. Ground silica sand (99.8 wt.% SiO;) was used as the main
mine backfill constituent, consistent with earlier studies [14, 24, 51]. The physical properties of this
sand: Gs 2.7; Dio 1.9; D3o 9.0; Dso 22.5; Deo 31.5; Doo 88.9; Cy 16.2; C¢ 1.3 um. The silica sand
can be classified as medium tailings having about 40 % fine particles, which have diameters lower
than 20 pm.

Binder. The purpose of the binder in paste backfill is to create adequate mechanical strength
to satisfy static and dynamic loading support functions. Portland cement is traditionally used as
binder for cemented paste backfill [45]. Paste backfill bonded with Portland cement exhibits im-
proved shear strength, tensile strength, and stiffness [52, 53]. Therefore, 4.5 wt.% by weight
Portland Cement Type I (PCI) was used as the binder in this study. The chemical constitution of
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this PCI: MgO 2.65; CaO 62.82; SiO2 18.03; Mn203 4.53; Fe203 2.70; SO3 3.82 wt.% and it had
a density of 3.15g/cm®.

Mixing water. Water demand is critical in the preparation of CPB. In the context of this work, it
occupied second position (34.2 %) in terms of portions of the constituents after silica tailings.

A water-cement ratio (w/c) of 7.6 (4.5 x 7.6 =34.2 %) was maintained throughout the CPB
samples preparation. Two types of mixing water were used: distilled water with no CO, added (DW)
and distilled water with varying amounts of CO> (CW). Pure distilled water of pH 5.4 was used as the
solvent and control. Specific amounts of CO, were then added to this distilled water in order to create
carbonated mixing water with pH values of 3.8; 4 and 4.2 respectively (Table 1), such that the higher
the dissolved CO», the lower the pH and hence the more acidic the CW.

Table 1
Mix ratios of the CPB samples produced
Mix name Tailings type Binder type Binder, wt.% W/c ratio pH
CPB-3.8 ST PCI 4.5 7.6 3.8
CPB-4 ST PCI 4.5 7.6 4.0
CPB-4.2 ST PCI 4.5 7.6 4.2
CPB-5.4 ST PCI 4.5 7.6 5.4

Preparation of CPB mixtures. The silica sand tailings, cement and pre-treated water samples
were homogeneously mixed in a double spiral mixer. 31 samples were prepared with a fixed binder
composition of 4.5 wt.% and water-cement ratio of 7.6. The CPB that was produced was then poured
into standard cylindrical curing molds (J50 mm and H = 100 mm). The filled moulds were then
sealed to prevent vaporization of water and cured at a temperature of 22 °C, for periods of 3, 7, 28

and 90 days. The composition mixtures of the different CPBs prepared for this study are as presented
in Table 2.

Table 2

Density of constituents used during the preparation of CPB samples

Component Value, g/cm? Constituent portion, %
PCI 3.15 4.5
Distilled water 0.9900198 34.2=(4.5x17.6)
Carbonated water 1 34.2=(4.5%x17.6)
Silica sand tailings 1.680 61.3=(100-4.5 x7.6)

Testing Methods. UCS tests were conducted on all the 31 cylindrical samples in order to evaluate
their mechanical strength after 3, 7, 28 and 90 days of curing. An initial load of 10 N was first applied
before dynamic loading began at a compression rate of 2.5 mm/min to failure in accordance with
ASTM C109 using a 50 kN Z050 ZwickRoell compression machine.

Results and discussion. /nfluence of carbon dioxide on CPB strength. Figure 1 shows that
throughout curing times 3, 7, 28 and 90 days respectively, there is an increase of strength in the CPB
when the pH level is decreasing, especially between the strength of CPBs of DW (with pH level
of 5.4) and the strength of CPBs of DW (with pH level of 3.8). This trend of the increase of compres-
sive strength is also true when pH level is between 4 and 4.2 except at day 3 where the difference
between the compressive strength of all the samples is not that significant (Fig.1).

Another exception can also be seen at curing time day 7 where the compressive strength of DW
CPB with pH level of 5.4 is greater than the one of CW CPB with pH level 4.2. These two exceptions
might have been caused perhaps by the difficulties related to the preparation of high quality CPB
samples [9, 24, 37].
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Fig.1. Strength development of CPB with CW and DW Fig.2. Comparative strength development of DW CPB (pH = 5.4)

vs CW CPB (pH = 3.8)

Now since, throughout all the curing times studied (days 3, 7, 28 and 90), there is significant and
clear increase of compressive strength between specimen of DW (when pH level is 5.4) and CW
(when pH level is 3.8), the rest of the discussions are focused mainly on these two special cases.

At day 3 and day 90 of curing time, Fig.2 shows a 13 % strength increase of CW CPB specimens
of pH 3.8 in comparison with the DW CPB specimens of pH 5.4 for the same binder proportion
(4.5 wt.%). However, there are even greater strength increases during other curing times.

At “day 77, with the injection of CO» into the mixing water resulting in the solution with pH level
of 3.8, the UCS of CPB samples increased in 14 % versus the UCS produced with just DW (pH = 5.4).
At day 28 for example, it is shown that the strength of CPB made with CW where the pH level is of
3.8 reaches about 780 kPa (Fig.3). The incorporation of carbon dioxide into the mixing water to reach
a pH level minimum 3.8 increases the strength by approximately 24 %. That is almost double the
minimum strength (400 kPa) required at Matagami Mine, a Glencore underground zinc mine in the
province of Quebec, Canada. In fact, the CPB structure strength must reach 400 kPa after 28 days or
curing time. At the same curing time (day 28), Fig.3 show that the compressive strength of the CPB
obtained using DW was found to be about 630.2 kPa, which is lower than the value of CPB made
with CW when pH level is 3.8, yet it is greater than the industrial requirement of UCS at curing day
28 as stated above. This might mean that in the conditions of Matagami Zinc Mine, the required strength
of the hardened paste fill (400 kPa) can be developed or reached earlier than the curing time day 28.
Consequently, this might therefore contribute to the efficiency of underground mine productions oper-

1200 4 = 6.2452x> + 17.246x2 + 26.718x +226.24 1140.5 ations of adjacent mine faces since the
R =1 1 = stope backfilled would have already pro-
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consumption [54-57], such as the burning of fossil fuels, iron and steelmaking, and production of
cements. Some components of these emissions attack atmospheric ozone and create holes in the ozone
layer [58]. It is important to note that the suggested approach of introducing this type of GHG into
mixing water for the production of paste backfill implies first the extraction of CO. from natural
deposits (wells) or its capture and storage [59-63]. This means this approach may eventually become
one of the strategic ways of backfill technology for reducing the GHG footprint of the mining indus-
try, particularly in tailings and water management sectors since it promotes the capture, storage,
sequestration and utilization of the CO» [64]. Hence, it might help contribute towards the achievement
of United Nations (UN) SDG 13 (climate action) which recommends urgent action to combat
climate change and its impacts".

The density of carbonated water is dependent on the degree of carbonation. There is no consistent
density for carbonated water; however, if certain parameters are known, then the density can be easily
calculated. In order to calculate the density of carbonated water, the density of both carbon dioxide and
water. Carbon dioxide has a density of 0.00198 g/cm’. The density of water is 1 g/cm’. The equation to
calculate the density of a substance involves multiplying the percentage of concentration of one substance
by its density and adding it to the percentage multiplied by the density of the other substance [37].

Now, knowing the mathematical model of the strength development of CPB produced with CW
of pH level 3.8 as function of curing time, it is possible to determine the approximate day when the
hardened paste fill would cure and reach the expected 400 kPa:

y =-24.203x" +235.68x” —394.09x + 495.07. (1)

Solving equation (1) which represents the best fit function obtained using Microsoft Excel when
y =400 kPa, under the conditions of Matagami Mine would yield the following results: x; = 7.68552;
x2 = 0.29005; x3 = 1.76207 days. Among these values, the optimum curing time, would be 7.7 days
while the other two can be rejected since they are not realistic according to the experimental data.
This means that by incorporating CO; into mixing water for the production of CPB, the expected
mechanical strength (400 kPa) can be attained after only 8 days instead of 28 days. This is equivalent
to the reduction of the CPB curing time by about 71.4 %, which would have tremendous impact on
the economic parameters of the considered mining company. Moreover, the schedule of the entire
mine operations would be improved and would there anticipate the cash flow of the project, and
therefore contribute effectively to the return on the investments and a shortened payback period of
the operation project:

Yy =6.2452x +17.246x" +26.718x + 226.24. (2)

Similarly, if equation (2) is solved considering Matagami Mine conditions when y is equal to
400 kPa, the optimum curing time for DW CPBs would be 2 days or 93 % of the curing time is saved.
This high rate of increase of the strength of CPBs observed for both CW and DW solutions can be
attributed partially to some physical properties of the silica tailings used, especially density. This is
obvious because the tailings material used at Matagami Mine is zinc ore gangue material, which
weighs less than the silica tailings used in the present study. The observation confirms the findings
of [10, 43, 65] who reported an increase in paste backfill strength for the same binder proportion
(4.5 wt.%) when the tailings density increased.

The results obtained demonstrate that there is an important strength improvement when there
CO:z 1s incorporated in the mixing water intended for the preparation of the CPB and that the pH level
of 3.8 yields the highest compressive strengths.

Effect of carbon dioxide on binder consumption. The results obtained demonstrate
that the presence of CO> in the mixing water for preparing the CPBs results in considerable

: Transforming our world: The 2030 Agenda for sustainable development, 2015, p. 35. URL: https://www.unfpa.org/sites/de-
fault/files/resource-pdf/Resolution. A RES 70 1 EN.pdf (accessed 20.05.2022).
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augmentation of the mechanical
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207 45 36 ues of DW CPB samples and strength

0l== values of CW CPB samples at a pH level

PCI Water Silica tailings of 3.8, the optimized portions of binders

Curing time, days can be find by multiplying this binder

Bl ®2 portion by UCS of DW and divided by the

Fig.4. Comparison of consitituents portions of DW CPBs and CW CPBs, % UCS of CW at a specific curing t‘lme'_ Re-
sults for day 28 are presented in Fig.4.

Therefore, by injecting CO> into the mix-
Table 3 ing water, it is possible based on day 28

1 — constituents portions DW; 2 — constituents portions CW

Economic effect of incorportating CO, into CPB, CA $ results to save not only about 1 % of
. binders’ consumption (PCI), but also about

Costs of binders of CPB Annual . . .
Day Saved Costs 6.5 % of water consumption while main-
bw cw on binder taining the same w/c ratio (7.6). This
3 7473375 6626392.50 846982.50 might contribute towards the achievement
7 7473375 6543355.00 930020.00 of United Nations (UN) SDG 14 (Life
28 7473375 6045130.00 1428245.00 below water) which advocates for conser-
90 7473375 6626392.50 846982.50 vation and sustainable use of marine

resources for sustainable development”.

Based on the results of curing days 3, 7, 28 and 90 respectively, the overall economy that might
be achieved in terms of cement consumption in preparing paste fill, can be found within the respective
0.51; 0.56; 0.86; 0.51 % saving figures. The average value of this saving would be ~0.61 %.

The use of carbon dioxide also has another significant effect on the tailings consumption. After
introduction of CO; (decreased pH), there is an increased demand for the tailings quantity to be
used as major constituents for the production of paste backfill, about 7.4 % of tailing consumptions
at the curing day 28. This means that less mine residual materials may remain in the environment
to impact the ecosystem. Therefore, this approach might contribute effectively to underground
disposal [2, 23, 26]. Hence, the suggested approach might also help reach the UN SDG 15
(Life on the Land) which promotes the protection, restoration and sustainable use of terrestrial
ecosystems, sustainable management of forests, combating desertification, halting and reserving
land degradation, as well as halting biodiversity loss**.

Effect of COz on CPB binder costs. The optimization of the binder consumption due the concentra-
tion of carbon dioxide in the mixing water, leads to important economic results as presented in Table 3.

The findings indicate the incorporation of carbon dioxide in the distilled water used for prepara-
tion of CPB would result in a significant improvement of the strength for an equal quantity of binder.
This means that there is potential for the development of new optimum recipes of mixture of backfill
(reduction of cost of binders) and/or the forecast of its main mechanical property (strength) as
function of carbon dioxide concentration in the mixing water. As a result, about 0.51-0.86 % of quantities
of binders used during the preparation of backfill can be saved which may have a great impact on produc-
tivity and competitiveness of the relevant mines, that is to say also on generating employment.

* Transforming our world: The 2030 Agenda for sustainable development, 2015, p. 35. URL: https://www.unfpa.org/sites/de-
fault/files/resource-pdf/Resolution. A RES 70 1 EN.pdf (accessed 20.05.2022).
** Ibid.
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In fact, a mine which produces 7000 t of ore per Table 4
day produces an average of 3500 t of CPB per day with Variation of UCS of CPB as a function of pH, kPa
an average binder consumption of about 3.5 % (at times
4.5 % or more). Given, that the average cost of binders
is about CA $ 1.30 / 1% binder [26], a reduction of
the quantity of binder consumption of 0.51-0.86 %
would result in annual savings of about CA $ 846.983
(0.51 % x 3500 t x 365j) to CA' $ 1.428.245. For a mine
that has a lifespan of 20 years, the overall benefit in the reduction of the cost of cemented backfill
would be about 17 million (case of 0.23 % reduction) and about 29 million CA § (case of 0.86 %
reduction). The economic effect of incorportating CO; into CPB throughtout the life span of the mine
on 3, 7, 28 and 90 days would be 17 million CA §, 19 million CA $, 29 million CA $, 17 million CA $
respectively.

Trendline equations of CPB UCS as a function of pH. The best fit functions of strength
development of DW CPB (pH = 5.4) and CW CPB (pH = 3.8) versus the curing ages of the samples
were found using Microsoft Excel to be a third degree equation (see Fig.3). It is shown that the
strength y of hardened backfill increases with increasing curing time x.

Similary, mathematical models of the variation of the compressive strength with curing time
illustrated in Fig.1, are also third-degree polynomials equations for pH 5.4, 4.2, 4 and 3.8
respectively, R? = 1. Based on the coefficients for x, pH 3.8 corresponds to the optimum CO,
concentration for maximum strength of the CPB. This supports the data in Table 4, which shows
that with a decrease of the pH level of the mixing water, the compressive strength of the hardened
backfill increases:

pH Day 3 Day 7 Day 28 Day 90

3.8 3124 456.0 780.4 1140.5
4 298.8 427.6 685.0 1010.0
4.2 272.6 375.9 668.3 1013.4
5.4 276.4 398.6 630.2 1008.7

y=-23.679x> +209.04x> —591.88x +1547;

y =-16.689x" +139.48x" —397.01x+1054.6;
y=16.31x" —109.56x" +186.17x +363.04;

y=7.1087x’ —48.957x> +83.504x +270.79.

Conclusions. The incorporation of carbon dioxide into the mixing water for the preparation of
silica tailings CPB samples diminishes the pH level, as expected, due to the acidic nature of CO», but
increases the final UCS of the CPB by 13 %, while cutting the curing time by more than 70 %. It also
reduces the Portland cement binder consumption by approximately 0.51-0.86 %, and yields CPB
preparation cost savings of the same percentage points.

The best fit functions of strength development of DW CPB (pH = 5.4) and CW CPB (pH = 3.8)
versus the curing ages of the samples are both third-degree equations, and the trendlines have similar
profiles, implying the same curing mechanism in the CPB samples for either test case. The only
diffence is the magnitude of the coefficients, which explains the higher UCSs for the CW CPB
samples. This increase in strength is due to carbonation on account of reactions between the CO,,
water and Portland cement, producing fine-sized compounds which coalesce inside voids within the
CPB matrix. This increases the effective cross-sectional area of the CW CPB samples for compressive
load bearing, hence the higher UCSs.

Since CO; is the most important GHG, using it for CPB preparation is a strategic way for
mitigating the carbon footprint of the mining industry, particularly in tailings and water manage-
ment sector since it promotes the capture, storage, sequestration and utilization of the CO». Hence,
if commercialized it might contribute towards the achievement of United Nations SDG 13
(Climate Action) which recommends the taking an urgent action in order to combat climate change
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and its impacts. This contribution to climate change mitigation is in fact two-fold, considering that
less binder will be required for Portland cement, thus lessening GHG emissions from the cement
manufacturing industries.

Therefore, CO, in CPB can be one of the pathways for the mining and Portland cement manu-
facturing industries to achieve net zero GHG emissions by 2050.

Future CPB studies can focus on studying the impact of different volumes of the cement binder
on the backfill rheological and mechanical properties, and accounting for the costs of carbon diox-
ide production, capture, storage, transportation, and incorporation into the backfill mixture in the
economic analysis.

The chemical composition of the plant tailings has an effect on the water and cement demands
of the CPB, as well the rheological and mechanical properties. This warrants replications of this
study for different tailings.
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